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ABSTRACT

An investigation was made into the behavior of rigid foundations and struc-

tures resting on the surface or embedded in a cohesionless soil and subjected to

transient active or passive excitations and forced vibrations using the centri-
fuge modeling technique. The investigation was aimed at studying both low and
high amplitude vibrations of foundations under machine type loadings, earth-
quake or wave induced vibrations, and other sources of dynamic loads. Rigid
"prototype” foundations of mass and size comparable to foundations of a low
rise building were simmulated in the centrifuge at a centrifugal acceleration of
50g. Rigid model structures (aluminum towers) attached to foundations of
different shapes, sizes, masses, and moments of inertia were tested. The effect
of soil depth, boundary conditions, and depth of foundation embedment were
investigated. Mainly rocking and horizontal modes of vibration were studied.
The impulse rocking-horizontal excitation of the models was provided by actively
perturbing the model structures using explesive energy or by passively exciting
them by shaking the whole soil bucket using a hydraulic shaking system. The
forced vibration was produced by a miniature air-driven counterrotating eccen-
tric mass shaker mounted on the model structures. During the {ests detailed
measurements of the static and dynamic contact pressure distributions, dis-
placerment components of the model, and acceleration amplitudes at different
elevations of the model structure were obtained. The acceleration ratios were
used to determine the modes of vibration of the foundation systems. Natural
Irequencies and damping coefficients of the modes were calculated by fitting the
arnplitude-frequency response of a single degree of freedom mass-spring-
dashpot oscillator to the experimental response curves derived from the test
data. Experimental results provided information regarding the influence of
different geometrical, inertial, and loading conditions on the vibrational charac-

teristics of the scil-structure system. In particular the effect of foundation
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embedment was to increase the model resonant frequencies and to cause an
appreciable change in contact pressure distribution underneath the footing.
However, the resonant frequencies predicted by the lumped parameter analysis
for a simple two-degree-of-freedom (rocking and translation) model were about
15 to 55 per cent higher than those measured experimentally. These results
were approximately consistent with the comparisons made in similar theoretical
and experimental studies such as those performed by Morris in the Cambridge
centrifuge and those performed on full-scale footings by Stokoe and Richart.
Damping ratios of the rocking-sliding vibration did not change considerably
when footing size or depth of embedment changed. The existence of rigid boun-
daries around the soil mass in the bucket, and an inefficient contact between
soil and the foundation side walls and lower surface could account for these
observations. Uplift and nonlinear large amplitude vibrations were consistently
observed during the steady-state vibration tests. Uplift led to a sefter vibrating
system which behaved non-linearly. As a result the frequency of vibration
decreased with the amount of lift-off. In transient vibration uplift reduced the
intensity of higher frequency vibration. Swoil around the foundation edge yielded
and plastic deformations and subsequent softening of the contact soil increased
the material damping while it decreased the resonant frequency of the system.
It was concluded that elastic half-space theory does not satisfy the needs for
analysis of foundation behavior under high amplitude vibrations and more

sophisticated methods of analysis are required.



ACKNOWLEDGEMENTS

I wish to express my sincere gratitude to my advisor, Professer R, F. Scott,
for his guidance, encouragement and helpful suggestions provided during the
course of this investigation. The assistance of the other members of the faculty
of Civil Engineering, and specially of Professors G. W. Housner, P. C. Jennings, J.
L. Beclk, and J. F. Hall is also acknowledged. Special thanks are due to Professor
Nick Warren of the University of California in Los Angeles and Dr. Carol Tosaya
formerly with Stanford University, California, for their valuable suggestions and
assistance in performing ultrasonic wave propagation velocity measurement

tests.

The financial support of the National Science Foundation and the California

Institute of Technology is gratefully acknowledged.

I would like to thank Mr. J. R. Lee, research engineer in soil mechanic labora-
tory, for his great assistance with centrifuge testing. Thanks are also expressed
to my friends A. Allard, S. Jain, and M. J. Huang for their help in numerous ways.
Special thanks are owed to Miss Marta Nyiri, Mrs. Gloria Jackson, Mrs. Sharon
Beckenbach, and my sister Elahe for all they have done in preparing this

rmanusecript.

Finally, | wish to express heartful gratitude to the members of my family,
especially my wife, Simin, for her steadfast love and support through years of

hard work.



vi

TABLE OF CONTENTS

ABSTRACT o o o « o o o o o o o o o o 4
ACKNOWLEDGEMENTS & v v o v o o o o o &
Chapter I INTRODUCTION

GENERAL + o« o v o o o o « o

1.1
1.2 DYNAMIC RESPONSE OF FOOTINGS,
1.3 HISTORICAL BACKGROUND ., , . .

1.3.1 Theoretical Studies. .

1.3.1.1 Early Empirical
1.3.1.2 Rigid Footings on Linear Elastic

e e

* *

¢ ® & e e 3

* @& 9 . @

* = * @ LI

Models. + « &

Half—SpaCE. e * * v @ * e« .

1.
1

3.1,
.3.1

3 Viscoelastic Half-Space . . »
.4 Rigid Footings on Homogeneous Soil

or Layered Medium . . . « .

[
19y ]

.3.

H

-

*

.

Foundations with Arbitrary Shapes

and Rigidity¥, o ¢ o ¢ o ¢ ¢ o o &
1.3.1.6 Nonlinearity, Inhomogeneity,

AniSOLTODPYe 4 4 o o o » o o &
1.3.1.7 FEmbedded Footings . « « » o »

1.3.2 Experimental Studies . . ¢ o« ¢ « o « .

1.4 SUMMARY OF PAST THEORETICAL AND

EXPERIMENTAL RESULTS. . + o .

1.4.1 Effect of Size, Shape,
1.4,2 Effect of Finite Depth
over Bedrock . . . . .
1.,4.3 Effect of Nonlinearity
Damping in Seoil, . . .
l.4,4 Effect of Embedment, .

OBJECTIVES. & & &« & o & &« & &
ORGANIZATION OF THE REPORT. ,
CHAPTER REFERENCES, . ., . . .

b
ow

Chapter 2 CENTRIFUGE MODEL TESTING. .

2.1 INTRODUCTION, o+ 4o v v o o o &«
2.2 CENTRIFUGE MODELING . . . . .
CHAPTER REFERENCES., . . . . .

* L]

and

¢« 2 & & 8 e

Inertia , .,

of Stratum

» L]

and

- e & o ¢ =

Hysteretic

.
O P

. 10
. 10

. 11
« 13

. 16
. 17

. 17

. 21
. 21

. 22
. 24
. 26

. 32

. 32
. 33



vii

TABLE OF CONTENTS (Continued)

Chapter 3 PRELIMINARY EXPERIMENTS ON FOAM RUBBER. + « & & « o & & 42

INTRODUCT ION . L] L] . . L] a . . * . L ] . . . . . v L] . L4 . 42
ELASTIC MEDIUM AND FOOTINGS. v & ¢ o o « ¢ = o s o o s s 42
EQUIPMENT AND INSTRUMENTATION. o o ¢ ¢ o o o o o o o o & 44

w&»w
W b

3.3.1 Loading Equipment . . ¢ ¢ 4 ¢ ¢ « ¢ s o ¢ o o & 44
3.3.2 Measuring Equipment . « « ¢« « « o ¢ s o o ¢ o o« « 47

3.4 CALIBRATION OF TRANSDUCERS 4 4 & o « o o o o o & « o & 50
3.5 EXPERIMENTAL PROCEDURE AND RESULTS . . . . . . . . . . . 50

3.5.1 Wave Propagation TestsS. « v 4 & ¢ ¢ o « o o o & & 51
3.5.2 Vertical Vibration of Footings. . « ¢ o ¢ « o « « 53

3.6 COMPARISON OF THEORETICAL AND
EXPERIMENTAL RESULTS . « & 4 ¢ ¢ o ¢ o o o « o o « ¢ o 56
CHAPTER REFERENCES . . & o v o ¢ o o 5 ¢ + s o ¢ v o « o 65

ChaPEEI 4 SOIL. *« & & 3 . & * & & & & B & s - ¢« s * & L B ] 66

4 L] l INTRODU CT ION . * L . L] . L] . L) L] L] . . . L] L . L] . . . L 6 6
4.2 GENERAL PROPERTIES OF SOIL 4 4 4 4 4 o o s o o s s s & & 69
4.3 DYNAMIC SOIL PROPERTIES. 4 v ¢ o o o = 5 = o s s o s o « 69

4.3.1 Resonant Columm TesSt5 . s o o o o ¢ o + s s + o 71
4.3.2 TUltrasonic Pulse Tests. e e v e e e e e e e s e 87

4'4SUWARYOUIIDQCIII..!...IICCI'l.. 94
CHAPTER REFERENCES 4 + « o o ¢ s o o o « o « s o o s s « 96

Chapter 5 EQUIPMENT AND INSTRUMENTATION o v &4 o + s o ¢ » o = » & 98

5.1 GENERAL PRESENTATION OF CENTRIFUGE . . . « « « « « = = « 98
5. 2 EQUIPMENT . . L] * . . L » L] . L] ., - .2 - . L) . . - L L] * 100
.2.1 The Centrifuge. ., . . + + ¢ + ¢« o « = & = « =« « « 100
.2.2 Loading Equipment « « + v + + o s o o » = « = « « 100

5.2.2.1 Explosion Generating Loading System. . . 103
5,2.2.2 Counterrotating Eccentric Mass Shaker. . 103
5.2.2,3 The Continuous Earthquake Generating

Mechanism. . .« . . &« . ¢ ¢« « ¢« ¢« « « « « 108
5.2.2,3a The Bucket Frame and Shaking System . . 198
5.2.2,3b The Controller MTS 406 . . + . « &+ . + « 110

5.2.3 MOdEl Structures- 3 s & & « & 8 + 8 & + o a s & ® 113



viii

TABLE OF CONTENTS (Continued)

5.2.4 Soil ContainerS- e« ® £ e ®» & § & © % s 8 * e ® e @ 116
5.3 INSTRUMENTATION « o ¢ o o & o o » o o« # o « o s & o o s o 118

5.3.1 Description of Different Devices . . . . . « . . + 158
5.3.2 The Circultry. . « « « + o o v o ¢ = ¢+ ¢ & ¢ ¢+ {99

5.4 CALIBRATION OF TRANSDUCERS. . . . &+ & ¢ + o o « s s o = = 125
5.5 DATA ACQUISITION AND REDUCTION SYSTEMS, . . . . + + « o . 128
5.5-1 Data Acquisition. « e« o = # e % a @ & & s ® e s = = 128
5.5.2 Data ReducCtion, « « « o « o o o o + « s o o o o « o 129
CHAPTER REFERENCES . &+ &+ v + v v 2« 4 v o v o w o s o 2 » 131

Chapter 6 TEST PROCEDURE AND DATA REDUCTION., , . .« « . . ¢« . . . . 132

6.1 GENERAL STEPS OF EXPERIMENT SETUP . . . .« « « « » o + « « 132

6.2 SPECIAL TESTING METHODS . 4« & « o o + s o s o o « o o« « « 137

6.2,1 Explosion Generated Free Oscillation Tests. . . . . 137
6.2.2 Steady-State Forced Vibration Tests Using

. Air""DriVen Shaker . o - . [ L] . . . . . . » . . . L] 142

6.2.3 Transient Shaking of the So0il Container . . . . . . 149

6 » 3 DATA REDUCT ION L] 4 [} - » - - . L ] * L) . & L] L] . r - . L] L - 150

CHAPTER REFERENCES L . L - ’ . Ld * - . 1 ] . L} L4 . - [] ® 4 154

Chapter 7 EXPERIMENTAL RESULTS . . . ¢« & +« « « v & « « « =« « « « « 155

7.1 EXPLOSION-GENERATED FREE OSCILLATION. . . . . « « « . . . 155

7. STEADY-STATE FORCED VIBRATION TESTS . . « « &« « =« « &« « « 167

7.2.1 Presentation and Analysis Methods of
the Results . . . . . . . . e e e e e o« . 187
7.2.2 Effect of Soil Depth and Slde Boundarles s s« s o« 176
7.2,3 Influence of Foundation Size and Shape. . . . . . . 180
7.2,4 Variation of Rocking Resonant Frequency

with Centrifugal Acceleratiom . . , . « . . . . . . 184
7.2.5 Variation of Resonant Frequency with

Eccentric Mass of Shaker, . . . . e+« + e « .« 186
7.2.6 Effect of Mass Moment of Inertia (Ib) e v e .+ . . 189
7.2.7 Effect of the %% Ratio. . + -« ¢« ¢« ¢« « &« « « + + « . 189
7.2,8 Influence of Footing Embedment. . . . . . . . . . . 191
7.2.9 Static and Dynamic Pressure Distribution Over

the Footing-Soil Contact Area . . . « « +« + « + » + 197

7.2,9.1 Static Pressure Distribution . . . . . . . 197



N~
wr b

ix

TABLE OF CONTENTS (Continued)

7.2,9.2 Mechanism of Yielding, Liftoff
and Separation During Rocking

of the Tower . .. . . . . .
7.2,9.3 Dynamic Pressure Distribution.

7.2.10 Nonlinear Inelastic Behavior of the

Soil-Tower System . . . . e .
7.,2.11 Imperfection of the Ax1symmetry and
Soil Homogeneit¥ . . + « ¢ o« o s s o &

7.2.12 Determination of Response Modes . . .

MODEL TESTS IN TRANSIENT HYDRAULIC SHAKER. .
MODELLING AT DIFFERENT SCALES. . . . .
CONCLUSION , . ., . S
CHAPTER REFERENCES e e e e e e e e e e e e

Chapter 8 THEORETICAL- RESULTS, SUMMARY AND CONCLUSIONS .

8.
8.2

INTRODUCTION TO METHODS OF ANALYSIS . . . . .
LUMPED PARAMETER ANALYSIS . . . . . . . .

'8.2.1 One-Degree-of~Freedom Lumped
Parameter Analog . . . . . e e e e e
8.2,2 Two-Degree-of-Freedom Lumped
Parameter Analog . + « « & o o + o o o »
.3 Foundation-Soil Impedances . . . + + »
4 Impedance Functions for Viscoelastic
Foundations . « « « + + o 4 o o & o o
8.2,5 Impedance Functions for Analysis of
Embedded Foundations . . . . . + .« . .
8.2,6 Presentation of Theoretical Results
for the 2=D Model . . . + + +« v « &+ o+ o
8,2.6.1 Theoretical Values of Resonant
Frequencies . , e e e e e .
8,2.6.2 Comparison of Experlmental and

Theoretical Response Amplitudes .

3 Theoretical Modal Analysis . . .
+4 Theoretical Results for Embedded
Footings . . . +» . . + .« , . .

8,2.6.5 Theoretical Results for Foundations

of Different Sizes ., . . . . . .
8.2.6.6 Reasons for Discrepancy Between
Predicted and Measured Results .

8,3 SUMMARY AND CONCLUSIONS e e e e e e e

CHAPTER REFERENCES . . . . . .+ « + « «

0

198
202

209

212
214

221
224
227
230
231

231
233

234

242
246

248

252

253

256

259
259

265

- 266

269
270
274



Appendix A . .
Appendix B . .
Appendix C , .



-1-
CHAPTER 1

INTRODUCTION

This intreductery chapter is divided into four sections. The first section indi-
cates the scope of soil dynamics and significance of soil-structure interaction
analysis. Section 1.2 delves briefly inte the past work and presents the state of
the art in dynamic design of foundations subjected to machine-type loadings,
and foundations of buildings to resist seismic and other-large amplitude
dynamic loads. Section 1.3 describes the objectives and scope of this study. The
last section of this chapter outlines the proposed test program and the organi-

zation of this investigation.

1.1. GENERAL

Soil dynamies is a branch of soil mechanics which studies the behavior of soil
masses and foundaticns on or in seil under dynamic stresses. Interest in
development and growth of this subject arose originally from the need to design
foundations subjected to machine-type loads and the need for compaction of
soils under vibratory loads. There are many engineering probiems which involve
soil dynamics, such as: design of machine foundations and foundations of track-
ing radars; analysis and design of earthquake-resistant foundations for build-
ings and energy-preoducing structures such as nuclear power plants, offshore
platforms and earth dams; determination of soil profiles using in-situ wave pro-
pagation velocity measurements; pile driving, and compaction of loose soils
using vibratery loads. While many developments have influenced the evelution
of soil dynamics, a few contributions have had especially important impacts.
These special events and investigations are milestones in the evolution of soil

dynamics (see Fig. 1).
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Machine foundations are the most frequently encountered problems in soil
dynamics and many of the early books and references on soil dynamics deal
with this problem {Barkan 1962, Richart et al. 197b). Careful and sound
engineering design of machine foundations i{s required to provide satisfactory
operation of machinery and nearby equipment and to minimize the disturbance
to people working in the immediate vicinity. Therefore the key ingredient in
desigh of foundations under dynamic leads anticipated from operation of
machinery is a careful engineering analysis to limit the motion to amplitudes

which are in the safe range both for human beings and machines.

Continuous growth and increased population in seismically active regions has
contributed to the growing concern regarding the safe behavior of structures
during earthquakes. A successful design of a structure to resist seismic loads is
only possible through inclusion of the effect of the underlying scil on the
dynamic behavior of the structure. Experience with structures subjected to
earthquake shaking, and analysis of collected earthquake data (Ohsaki 1969,
Seed 1988), and forced vibration tests of real buildings, eg. Fouteh {1976), have
shown that behavior of structures strongly depends on the fabric of the underly-
ing secil layer and on the character of the soil-structure interface. Only when a
structure is founded on the surface of a stiff soil or rock, for example, is the
motion of its foundatien similar to the earthquake free fleld motion, and then
the dynamic response of the structure can be analysed using the "fixed base”

moedel.

Although the existence of the seoil-structure interaction effect has been recog-
nized and investigated in Japan since the 183Q's, this problem did not receive
considerable attention in the United States up to the 1960 Chilean earthquake,
the Alaskan earthquake of of 1964 and the earthquake in Niigata. Japan in 1964,
The other great factor in growth of concern for this problem was because of the

surge in nuclear power plant construction during the 1970's, caused by fear of
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shortage of other sources of energy. Because of catastrophic consequences in
case of the failure of a nuclear power plant during strong ground shaking the
requirement for safety analysis of each plant must consider the possible effect

of ecarthquakes.

Therefore motivated to a large extent by the need to understand the soil-
structure interaction phenomenon and te design machine foundations to
operate in a satisfactory fashion, analysis of the dynamic response of founda-

tions has been selected for this study.

In the following sections of this introductory chapter after a brief description
of the physical and mathematical aspects of the foundation vibration theory a
review of previous studies is made and requirements for a good soil-structure
interaction analysis for design of machine foundations and other types of foun-

dations are discussed.

1.2. DYNAMIC RESPONSE OF FOOTINGS

Footings of machines, buildings, dams, and other structures have arbitrary
shapes and rigidities and are usually embedded partially in the seil. The sup-
porting soil is of a discrete nature and is a three-phase material: solid grains,
water and air. Thus soil is not a continuum, nor isotropic or homogeneous and
behaves in a complex nonlinear inelastic manner under applied loads. There-
fore an analytical approach to the dynamic behavior of footings similar to all
other problems in soil mechanics is not possible unless a great deal of simplify-
ing assumptions are intrjoduced inte the problem. The basic assumption is to
treat soil as a continuum, provided that all the phenomena to be considered
include a large number of particles. In case of dynamic and wave propagation
problems, it means that only vibrations with wavelengths much larger than
grainsize are considered. This, fortunately, is the case for most of the

phenomena of practical interest in soil mechanics.
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The basic original mathernatical model for the foundation vibraticn problem
was that of a rigid circular disc resting on the surface of a linear elastic,
isotropic.and homogeneous half-space, called also a semi-infinite idealized soild.
Further improvements in this model include the following aspects of the real
problem:

(1) Internal (material) damping of soils
{2) Layering, inhomogeneity and anisotropy of soils

3) Approximate nonlinear and inelastic behavior of soils
Arbitrary shapes of {ootings

[&)]
—

Embedment of footings

P T et Tt T ey
[y
N

8) Flexibility of footings

The problem is usually solved for the response of a massless rigid plate
attached to the surface of an elastic half-space where the resulting relations
can be placed in a form comparable to that developed for the conventional one-
degree-of-freedom system with viscous damping. This analogy will result in
evaluation of foundation-soil impedance functions, which in effect model the soil
as a system of elastic springs and viscous dashpots which provide restorative
and dissipative forces. In general the values of these impedance functions are
dependent upon soil properties, foundation geometry and the frequency of

vibration.

The problem is quite complex because of the mixed boundary conditions on
the surface of the half-space. Displacements at the contact area between the
rigid plate and half-space are uniferm or linearly varying depending on the
mode of vibration (translational or rotational), while stresses are zero on the
rest of half-space. The contact stress distributions are unknown and can be
derived only by an exact treatment of the mixed boundary value problem. In
order to reduce these rather complicated mixed boundary conditions to a
simpler but approgimate one, stress distributions over the contact area of foot-

ing and half-space were assumed to be known. In this way stresses over the
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entire surface of the half-space are defined which leads to a simple boundary
value problem. The resulting seolution was approximate, however, since it gave

rise to surface displacements incompatible with the rigid plate.

In a more rigorous approach mixed boundary value problem was solved
assuming some of the contact stress components to be zero. This so called
"relaxed mixed boundary value problem” was followed by the exact solution of
the probiem, deriving the true stress distribution on the contact area between
disk and the half-space. All these methods will result in relations between dis-
placement and force which define the compliance functions, as the ratio of dis-
placement to force, or the impedance functions as the inverse of compliance.
The fellowing equations are a condensation of the solution to the problem.
Assuming that the elastic half-space has a shear modulus, G, a Poisson's ratio, v,
and a mass density of p=7/g, the harmenic response q te an input force

P=P,e'“t can be written as

P o
q= [ +ify] e (1.1)

e}

in which the frequency dependent compliance functions f, and f; are the in-
phase and out-of-phase responses of the disk to unit harmeonic inputs, and r, is
the disk radius. Following the Hsieh's approach (1962) in deriving the stiffness
and dashpot coefficients of the foundation-soil system we take the derivative of

equation 1.1 with respect to time to obtain

.d'_s..: Pow i — ot
dt G[‘c [ l.fl fz]e] (12)

cornbining equations 1.1 and 1.2 will result to equation

g _Po® o on o i PO orn s
flwq fg dt Gl"o [fl +fg ]e Grc [fl +fg] (133)




-7 -

or
fg

12 +13

dt £F+15

dﬂ-mrc[ i ]q (1.3b)

Equation 1.3b indicates that force transmitted to the elastic half-space is a
function not only of the displacement of the disk, but also is a function of its
velocity. If a massive plate of radius r;, and mass m, is placed on the weightless

rigid disk and subjected to a vertical exciting force Q, ,the equation of motion is

2
moﬁ-:czwp (1.4)

by substituting equation 1.3b into equation 1.4

a2 d
moa—tg-+ Cv—&%—+KVq=Q2 (1.5)

where K sub v and C sub v are

[,
K"__Gr°[f12+f§ (1.6a)

_ Gro fa
Ce = ~ {f?+f§ (1.6b)

Equation 1.5 is similar to the eguation for the one-deree-of-freedom system with

viscous damping,

2
dx+cd—X+Kx=Q, (1.7)

m dt? dt

with the exception that both K, and C, depend on freguency. Therefore, K, and
C, are the stiffness and damping coefficients for the vibrating foundation on the

elastic half-space. A similar approach results in the following functions for the

rocking impedance,

f
Ko = ~Grs 1.8
¢ Sy (1.8)
_ Gré |
L lf?+f§ (1.9)




In addition to Poisson's ratie, dimensionless frequency factor and mass ratio
are the only parameters affecting the response of the vibrating footing. The fre-

quency factor a, and the mass ratio b are defined as

wr, 2nr
a,;:G)I'g‘\/_%_': VO = L.so (1.10)
8

b= (1.11)
pré

in which ¥y and 1; are the shear wave velocilty and wave length. Functions
f; and f, depend on frequency factor a, and peisson’s ratie v. Defining functions

F, and F; as

= %
F, = =0 f; (1.12a)
4
Fa = f .12b
2 (l—l/) 2 (1 )
and a mass ratio as

1=y 1=v m
B, = = 1.13
e (1.13)

Lysmer (1965) derived results which were essentially independent 6f Pceissen's
ratio. Amplitude of the disk motion can be expressed in terms a magnification

factor M. For exarmnple in case of the vertically vibrating footing

Ay = Tor, M (1.14)
where M is
M= _égfﬁ"_— F?+F22 (l 15)
T (1-1Q (1 =B,aldF)? + (Bually)? '

Theoretical curves defining the relation between the magnification factor and

the frequency parameter for different mass ratios B, are derived in literature
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and are used extensively for analysis and design.

1.3. HISTORICAL BACKGROUND

Many investigation of both an analytical and experimental nature on the
dynamic response of footings have been conducted. A great wealth of references
regarding the past work in this area since the early years of the present century
can be found in the literature. Particularly in the last fifteen years considerable
progress in this area of soil dynamics has been made and many researchers
have studied different aspects of the problem. A comprehensive account of the
past work up to the year 1969 can be found in McNeill (1989), or Richart, Hall,
and Woods (1970), and a review of the present state of the art in dynamic
analysis of foundations is presented in the recent study by Gazetas (1983). Here
the main purpose is not to cover in detail all the pertinent work conducted in
the past, but is to outline all the empirical, analytical and numerical models stu-

died since early in the 20th century up to now.

For analysis different approximate methods have been used in the early years
which were mainly based on engineering intuition and ern‘pirical rules. The
cornerstone of the evolution of analytical techniques with a more scientific basis
was the year 1804 when Lamb formulated and solved the problem of a harmeoni-
cally varying point force acting on the surface of an elastic half-space. In the
1930's the first engineering application of Lamb's problem {dynamic Boussinesq’
problem) was employed by Reissner (1938), to study the response of a vertically
loaded cylindrical disk on the surface of an etastic half-space. This work even
though an approximate solution te the dynamic response of foundations on the
surface of an elastic half-space was a pioneering effoert in this area and
prompted many more investigations in the years after it. Because of its ideal-
ized nature, certain mathematical simplifications which are not quite realistic

had to be introduced. Over many years, a great deal of progress has been made
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in narrowing the gap between the results of theory and real behavior of
foundation-soil system. In the following parts of this section a summary of the

different mathematical improvements in the half-space theory will be presented.

1.3.1. Theoretical Studies

In early years of this century, as was pointed out previously, some approxi-
mate methods of analysis were employed in design of foundations for dynamic
loadings, thereby avoiding the extreme difficulties inherent to a fully theoretical
solution of this mixed boundary value problem. After 1950 the main stream of
research in the area of foundation vibration was directed toward improving the
half-space meodel, very recently some of the moere realistic aspects of soil

behavior and foundation-soil interface have been studied.

1.3.1.1. Farly Empirical Modeis

"Major empirical methods were originated after the pioneering experimental
investigations carried cut by the Deutschen Forschungsgesellschaft fur Boden-
mechanik (DEGEBO) in Germany during the period 1928-1936. "In-Phase Mass"
method, "Reduced Natural Frequency', and "Dynamic Subgrade or Dynamic
Winkler" model were the main three techniques used in design of foundations
for machine-type dynamic loadings. These methods primarily focused on deter-
mination of resonant frequency of the system and did not study the complete
dynamic characteristics of the foundation-soil system. For example, they did
not include the dissipation of energy carried by the waves propagating away

from the foundation (radiation damping).

The "In-Phase Mass" method (Crockett and Hammond 1949, Rao 1961),
assumes that a finite mass of soil underlying the foundation vibrates rigidly in
phase with the foundation. In fact this idea was completely contradictory to the

wave propagation nature of energy emanating from foundation-soil interface for
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a foundation subjected to machine-type loadings. Moreover the in-phase mass
may be appreciably varied with the dimensions, shape, and mass of foundation,

mass density of soil and frequency of oscillation.

“Reduced Natural Frequency” method {Tschebotarioff and Ward 1948), was
based on the assumption that the main factors affecting the natural frequency
of the foundation are the scil bearing pressure, type of the soil, and the contact
area. Therefore it did not include the effect of all the other factors influencing

dynamic response of foundation.

Among these methods the "Dynamic Winkler" model (Hayashi 1921, Terzaghi
1943,1955, Hetenyi 1948, Barkan 1962) was the rmost accepted one among
engineers and it is still used in some countries around the worid. The main
approximation in this method was to regard the soil underlying the foundation

as a bed of weightless independent springs resting on a rigid base,

In the above methods soil properties were considered in the calculation of
resonant {requency by bearing coeflicients of subgrade reaction derived {rom
static or dynamic bearing resistance tests, required in any particular case of

soil conditions and foundation properties,

1.3.1.2. Figid Fbotings on linear Flaostic Holf-Space

The half-space studies are mainly concerned with the dynamic response of
rigid circular foundations, and the secil medium is simulated by a homogeneous
isotropic elastic half-space. The following studies are all directed at surface
footings. Investigations on embedment effect of foundations are collected in

section 1.3.1.7.

As it was explained before this mixed boundary value problem was originally
solved by assuming different stress distributions over the contact area between

footing and half-space. Based on the classic work by Lamb (1904}, E. Reissner
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(1938) integrated the solution for a vertical dynamic point load on the surface
of the idealized solid over a circular area and presented an analytical solution
for the oscillation of a rigid cireular footing, resting on the surface of elastic
half-space, and subjected to a vertical harmonic load. He (1937,1944) extended
his work to the case of a torsional lead about an axis through the center of the
circular footing. Sung (1953), and Quinlan (1953), considered different distribu-
tions of contact pressures (uniform, parabolic, and rigid) and presented results
for vertical oscillations. Arnold et al. (1955). and Bycroft (1956), studied other
modes of vibration (horizontal and rocking) for different contact pressure dis-
tributions. Thomson and Kobori (1963), presented solutions for different vibra-

tion modes of rectangular foundations.

These solutions are only approximate because in reality the pressure distri-
bution required to maintain a uniform or linear displacement for a rigid footing
in different modes of vibration is not constant but will vary with {requency of
excitation. Consequently the néxt development was mixed boundary-value
treatment of the problem. Gladwell (1968), solved for forced tangential and
rotatory vibration of a rigid circular disk. Awojobi (1969), investigated the har-
monic torsional oscillations of a rigid circular body. Grootenhuis (1970), stu-
died dynamic response of a rigid circular or rectangular foundation block rest-
ing on an half space. Luco and Westmann (1971), studied all the vibration
modes of a rigid footing on the surface .i.e. vertical, torsional, sliding {tangential
mode of vibration without any slipping). rocking, and coupled rocking and slid-
ing. A wide range of dimensionless {requencies was employed. Veletsos and Wei
{1971), used analytical methods and presented numerical data for the steady
state rocking and sliding response of a rigid, circular, massiess disk. Numerical
results were presented in the form of graphs for flexibility, stiffness, and damp-
ing coefficients to be used in an equivalent spring-dashpot representation of the

soil-footing system. Dynamic impedance [functions for a rigid circular



-13-

foundation were also tabulated by Veletsos and Verbic (1974). Different modes
of vibration of a rigid strip footing and rigid rectangular foundations were stu-
died by Karasudhi et al {1968), Oien (1971), Gazetas (1975). Gazetas and Roesset

(1978), Wong and Luco (1978), Savidis {1977), and Kitamura and Sakurai (1979).

All of these methods give rise to frequency-dependent impedance functions
relating applied force and foundation response. In applying these solutions to
real soil-structure interaction problems by means of the "lumped-parameter
method"” the frequency-dependent coefficients of the subgrade impedance func-
tions should be employed as restraints imposed on the base of a structure. In
fact, the frequency dependence of the impedance coeflicients often is ignored in
practice and the coeflicients are viewed as representing dashpots (including only
effect of radiation damping) and springs, on which the structure bears {Hsieh

1962, Lysmer1965, Hall 1967).

1.3.1.3. Viscoelastic Half-Space

Material damping for the soil supporting foundation should be considered in
order to achieve & realistic estimate of foundation-soil respense. Experimental
observations have proven that energy loss in soils in unit element tests is mainly
because of internal friction {see Chap. 4). Thersfore, material damping in soils
iz of an hysteretic nalure and overall is not frequency dependent but varies with
the amplitude of strains during shear deformations. Because of low values of
radiation damping in rotational modes of vibration {torsion, rocking) incorpora-
tion of material damping in these modes of vibration will have a great effect on
the response of vibrating footings. Veletsos and Verbic (1973), Luco (1978), and
Lysmer {1980), formulated and solved the problem of the response of rigid foun-
dations on the surface of a viscoelastic half-space or layered medium. They
showed that in the case of the half-space the so-called "correspondence princi-

ple” enables the use of elastic-case impedance functions for the viscoelastic
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material by just multiplying them by the factor (1+2i¢). where ¢ is the hysteretic

damping ratio and is defined by

. AW,

T o4nW (1.16)

in which Wy is the dissipated energy in each cycle of motion and W is the max-

imum energy of the system in the cycle,

1.3.1.4. Higid Fhotings on Homogeneous Soil Stratum or Layered Medium

Soil deposits in nature are usually inhomogeneous and soil profiles are com-
posed of layers with distinet material properties. In most cases a layer of soft
soil is underlain by a much stiffer medium or even by bedrock. Response of
foundations on the surface of a seil stratum over a rigid base has been studied
by many investigators for circular and strip footings {(Kausel 1974, Kausel et al
1975,1979, Roesset 1980, and Gazetas and Roesset 1976,1979). Numerical solu-
tions for the response of circular foundations on a finite stratum over a half-
space have been reported by Hadjian and Luco {1977), and for strip footings by
Gazetas and Roesset (1976). In these solutions the finite layer and the half-
space have different material properties but they are regarded as homogeneous.
isotropic, and linearly elastic. The ratio of the elastic moduli and depth of the
layer to a characteristic length of footing are two more parameters affecting the

response of the vibrating footing.

Dynamic response of rigid footings on the surface of homogeneous. isotropic,
and elastic or viscoelastic layered media has been studied by Kausel {(1974), Lys-
mer et al (1974), using the finite element technique. A distinct character of
these finite element methods is the need for special boundary cenditions to
represent the infinite distance to the boundaries. By the use of appropriate
conditions it is possible to prevent energy waves from reflecting at the bound-

aries back to the foundation-scil interface, and thereby to correctly model the
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loss of energy in soil through radiation damping. 'Viscous', ‘consistent’, 'silent’,
and other special energy absorbing boundaries were studied by Lysmer et al

(1974}, Waas(1972), Kausel (1974), and Cohen (1980).

1.3.1.5. Foundations with Arbitrary Shapes and Rigidity

Only a few studies in recent years have been carried out analysing response
of foundations with arbitrary shape. Wong and Luco (1978), used the fundamen-
tal solution of Themson and Kobori (1983), to define subregions within a basic
arbitrarily-shaped region, i.e., the foundation. Gaul {1977), considers the same
problem for a viscoelastic half-space, In another attempt by Luco and Wong
(1979), they use the concept of a point-load solution of suitably adjusted
strength to represent each rectangular subdivision of the fooiing, thereby avoid-
ing the need for considerable computer time in calculating double integrals for
the subregions. Adeli et al (1981}, calculated compliances of arbitrarily- shaped
footings on an elastic half-space by dlso breaking up the foundation into rec-
tangular subregions. However, they used the results for an equivalent circular
lcad for each subregion. This way the double integration procedure for rec-
tangular subregions reduced to the numerical evaluation of only a single

integral for each subregicon.

The effect of the flexibility of circular and rectangular foundations on the
surface of an elastic or viscoelastic half-space have been addressed in some
recent studies (Lin 1978, Iguchi and Luco 1981, and Whittaker and Christiano
1982). Semi-analytical methods were used in most of these studies, where the
supporting scil medium was treated using analytical methods, and the founda-
tion was discretized to subregicns in a finite elements representation. The
expressions relating displacements and unit forces at nodal peints on the

foundation-soil interface were used to derive final solutions.
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1.3.1.8. Nonlinearity, mhomogeneily, Anisotropy

Real soils behave nonlinearly and permanent deformations will usually
develo;; under medium te high amplitude loadings. In order to include the
influence of nonlinearity on response of vibrating foundations some relatively
simple nonlinear constitutive models have been used. The Ramberg-Osgood
model was used by Funston and Hall (1867), and Jakub and Roesset (1977).
Nonlinear behavior of soils has been included in many finite element solutions of
soil-structure interaction problem (Lysmer et al 1974, Kausel et al 19786, etc).
However, in these methods the nonlinear behavior is approximated threugh a
series of iterative linear analyses, where the material soil properties at each
step are derived from the last step of iteration using the calculated strains in
the elements and experimental curves relating shear moduli and damping
coefficients of soil with strain amplitude of deformation. Plastic properties of
soil, i.e. permanent deformations in the soil mass under footing are not included

in the above methods.

Inhomogeneity of soils has been accounted for in some of the analytical and
numerical studies (Gazetas 1981e, Awojobi 1980, ete). Using the finite element
method, material properties of the secil medium can be varied from element to
elernent. In some analytical approaches models of an elastic half-space or a
stratum over bedrock with linearly varying increasing meduli or wave velocities
with depth have been studied for static and dynamic response of footings

{Brown and Gibson 1972, Gazetas 1980, ete).

Observations have shown that soil deposits will usually behave mechanically
differently in various directions, a characteristic of general behavior of materi-
als called anisotropy. Because of sedimentation and subsequent one-
dimensional consolidation in clays, and gravity effects in depoesition of sands,
soils usually show cross-anisetropy with a vertical axis of symmetry. Kirkner

(198R), studied the vibration of a rigid disc on a transversely isotropic elastic
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half-space and presented his results in the form of compliance and impedance
coefficients as functions of dimensionless frequency for all modes of vibration.
Gazetas (1981la, 1981f), presented solutions for response of dynamically loaded
rigid strip footing on the surface of a cross-anisotropic scil layer and a visco-

elastic cross -anisotropic half space.

1.3.1.7. £mbedded Foolings

Foundations of most structures such as buildings, nuclear power plants, elec-
tricity towers, etc. and of machines are usually placed partially below the soil
surface. Piles are extreme case of embedded foundations. Embedment has a
great effect on the vibration characteristics of the foundations and has been
much investigated in recent years. Several analytical and numerical methods,
including the finite element method, have been used. Baranov (1987), Tajimi
(1969). Novak and Beredugo (1971,1972), Novak {1973), Bielak (1975), Harada et
al {1981), and many others have employed various analytical teéhmques to
predict dynamic response of embedded footings by continuum formulation of
the problem. Kuhlemeyer (1969), Waas (1972), Kausel (1974), Kausel and
Roesset (1975), and several others have made use of the finite element method

in dealing with this problem.

In most of these studies it is assumed that a complete bond between soil and
the embedded part of footing including sidewalls exists. This is not, however,
true in real cases where separation and sliding at the soil-foundation interface
will happen during vibration (Tassoulas 1981, Novak and Sheta 1980, and John-

son and Epstein 1977).

1.3.2. Experimental Studies

Theoretical methods for analyzing the dynamic response of foundation-soil

systems are based on a number of simplifying assumptions regarding soil
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properties and system geometry. In particular, real non-linear hysteretic soil
properties are generally not included, or are approximated only. As a resuit,the
application of theoretical results is questionable in many cases, such as, in par-
ticular, high amplitude vibration of the foundation-soil system during strong
earthquake ground motion. Therefore there has existed a great need for experi-
mental studies to evaluate theoretical techniques and to clarify the ambiguities

produced by using simplified mathematical models.

Experimental studies on the dynamic behavier of surface and embedded
foundations have been reported by many investigators. Pauw (1953), Novak
(1980,1970), Barkan (1962), Fry (1963), Chae (1964,1969), Chae Hall, and
Richart (1965), Drnevich and Hall {1988), Stokoe (1972), Erden (1974), Varadhi
and Saxena (1980) and many others studied the vertical mode of vibration of
surface footings while Novak (1960, 1963,1970), Barkan (196R2), Fry (1963), Chae
(197.1), Beredugo (1971), Gupta (1872), Stokoe (1972), Tiedemann (1972), Erden
(1974) and others studied the vertical mode of vibration of embedded footings.
Some experimental studies have also been conducted on torsional and sliding
modes of vibration (e.g. Novak 1960,1963.1970, Barkan 1962, Fry 1983, Mocre
1971, Beredugoe 1971, Novak and Bereduge 1971, Stokece 1872, Erden 1874,
Stokoe and Richart 1874, Sankaran et al 18980, Sreekantiah 1882, Lin 1982,

Henke et al 1983).

All the experimental work cited above has been performed on model or small
prototype footings in the field or in the laboratory in soil bins with dimensions
in the range of a few feet. The largest size foundations tested in the field were
generally foundations for one-story buildings, electric towers, or machine foun-
dations. The largest model foundations used in laboratory tests were compar-
able with sorne machine foundations, but in general were about 1/10 to 1/5 of
prototype foundations for larger structures such as buildings with several

stories.
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Some experimental tests of small, and rigid model structures of order of few
inches in height, of various shapes and soil densities, have been run on a shak-
ing table to study the effect of geometry, soil, and embedment on response (e.g.

Hadjian, Howard, and Smith 1975).

Since the stress conditions on a soil element have a considerable effect on its
behavior under both static and dynamic loadings it is expected that a scil mass
behaves differently between full-scale and meodel conditions. Running full-scale
tests on foundatlions of real structures is very expensive and in some cases even
impossible. The centrifuge modelling technique, which has been used increas-
ingly in soil mechanics in recent years, overcomes these difficulties. This comes
about because under the appropriate centrifugal acceleration it is possible to
scale a rmodel correctly to duplicate the behavior of a full-size prototype by
preserving correct stress and strain distributions in the scil and linearly scaling
all dimensions. However,because of difficulties in instrumentation and controel
of the experimental process,very few dynamic tests have been performed using

centrifuge modeling.

In a recent study of a foundation vibration problem in a centrifuge, Morris
(1979,1981) conducted a series of transient tests on the behavior of rigid circu-
lar and square footings. A parametric study on the effect of footing size, centri-
fugal acceleration, and moment of inertia of the footing was performed for the
fundamental mode of rocking-sliding vibration. Quantitative measurement of
resonant frequency and damping was done, but the effect of embedment and
soil saturation was considered only qualitatively. In more recent work by Pre-
vost and Scanlan (1983) a study of soil-structure interaction by centrifuge
modeling was performed in Princeton University. In this study steady-state
rocking-sliding vibration of a rigid model structure was tested in a centrifuge
and a response curve for displacement amplitude was compared with some well

known theoretical results. A more detailed summary of centrifuge testing
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technique and the historical background of its development as a tool for experi-
mental research in geotechnical engineering will be presented in Chapter 2,

“Centrifuge Testing".

1.4. SUMMARY OF PAST THEORETICAL AND EXPERIMENTAL RESULTS

In this section a general review of the results of parametric studies on
dynamic response of foundations will be presented.

1.4.1. Effect of Size, Shape, and Inertia

Increasing footing mass or moment of inertia will on the average decrease
resonant frequency and effective damping, but increase amplitude of motion at

resonance.

It has been found that foundation shape does not have a great influence on
response of footings with equal areas and moderate aspect ratios {e.g.. length-
to-width ratio for rectangular geometries). In the case of very long and narrow
footings it is a common practice to idealize the shape to that of an infinitely
long strip. There are only three modes of vibration for a strip footing, namely
vertical, rocking, and horizontal. A general similarity between the impedance
functions of strip and circular foundations exists except at low frequencies
where the vertical and horizontal impedance functions of a strip footing on an
elastic haif-space ( ie. the static stiffnesses ) because of indeterminancy of 2-d

problem are zero.

1.4.2. Effect of Finite Depth of Stratum over Bedrock

Soil deposits very rarely have uniform structure extending deep into the
ground and usually are intercepted by bedrock or a very stiff soil at some shal-
low depth. The following effects of the presence of the bedrock are worthy of

note:
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In case of vertical and horizontal medes of vibration & greater influence of
the bedrock has been observed, where a decrease in the depth of scil stratum
gver bedrock decreases the radiation damping and increases the resonant fre-
quency of the foundaticn-soil system. Furthermore, modes with higher fre-
quency of vibration might also be excited because of the finite depth of the
layer. Rocking and torsional modes of vibration are only influenced by the soil
close to the surface. For a layer-depth over footing-radius ratio greater than

about 3 to 5 the half-space model can be used satisfactorily.

1.4.3. Effect of Nonlinearity and Hysteretic Damping in Soil

With an increase in the amplitude of strains developed, the nonlinear
behavior of soils will be more profoundly reflected in the dynamie response of
foundaticns. Resconant frequency usually decreases and material damping

‘increases, as a result of the softening characteristic of soils.

Material damping which is of a hysteretic nature should be incorporated in
the torsional and rocking modes of vibration. This is because the radiational
loss of energy in these two meodes is much smaller than with vertical and hor-
izontal modes of vibration, and therefore unrealistic values of motion ampiitude
will exist at resonance if material damping is omitted. However, with little loss
in accuracy material damping may be neglected in the translational modes of
vibration (vertical and horizontal modes) in the presence of much higher radia-

tion damping.

1.4.4. Effect of Embedment

Embedment overall increases the stiffness of the soil-foundation system;
therefore, resonant frequency increases and amplitude at resonance decreases,

Embedment also causes an increase in radiation damping. Effect of embedment
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is more pronocunced in the two rotational modes of footing vibration, in contrast

to translational modes that are much less affected,

Embedment alsc amplifies the effect of coupling between horizontal and rock-
ing modes of vibration and therefore, in the impedance matrix for a two degree
of freedom rocking-sliding system, cross-coupling stiffness terms are no longer

negligible in comparison with the case of surface foundations.

The above review is by no means a complete one and is only a brief and gen-
eral reminder emphasizing the effect of some critical parameters on dynarmic
response of footings. For more detailed discussion of parametric studies of this
problem see Richart, Woods, and Hall (1970), Prakash (1981), and Gazetas

(1983).

1.5. OBJECTIVES

As stated previcusly, a raticnal design of {oundations to resist dynamic loads
involves a number of separate, yet interrelated, steps: 1) establishment of cri-
teria for performance of footing-structure system after construction, 2) deter-
mination of the loads on the foundation or input motions at f{oundation-soil
interface, 3) evaluation of soil properties and profile at the site, 4) reduction of
real conditions to idealized model, 5) selection of an appropriate analytical or
numerical method of analysis for calculation of stresses and deformations in
the system. Out of these steps the most crucial cne is to choose an analytical
method whose approximate nature fits the particular situation of the problem
as close as possible. An engineer can only be confident in using a theoretical
method when its validation has been verified experimentally. Once the basic
ideas of a theoretical technique have been evaluated and confirmed by a limited
number of experiments, it is acceptable to expand this theory and study the

effect of all parameters of interest on the results of analysis.
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The results of an experiment are valid when in a model, the true conditions,
which exist in the real prototype problem, are modeled correctly or when the
experiment is performed on the prototype itself under approximately the same

conditions as will exist in a real event.

None of the above requirements is easy to fulfil, particularly when dynamic
behavior of rnassive foundations supporting giant structures or machinery is of
interest. As was mentioned before, running full-scale experiments on founda-
tions comparable in size and weight with foundations of real structures is very
expensive and in some cases even impessible. The performance of scale model
tests at the earth's gravitational field cannct offer a correct answer to the solu-
tion of seil mechanic problems because of the dependence of soil behavior on
ambient stress conditions. Centrifuge modelling is a powerful tecﬁnique to over-
come these limitations to study both static and dynamic behavior of soils and
structures supperted on or buried in scil A centrifuge simulates gravity-
induced stresses at a reduced geometrical scale through centrifugal loading.
More reliable and complete evaluation of present analytical techniques in
predicting the dynamic response of foundalions and in formulating secil-
structure interaction problems requires such comprehensive quantitative

experiments as only the centrifuge can provide economically.

This study consists of centrifuge experiments on the dynamics of founda-
tions, with the goal of obtaining an extensive amount of experimental data on
dynamic behavior of rigid structures on sand. The proposed objectives of this

investigation are:

1. To study the effect of different parameters such as shape, size, mass, and
moment of inertia on the dynamic response of rigid foundations placed on a
mass of dry uniform fine sand.

2. To investigate the effect of embedment on the dynamic response of such
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foundations.

3. To measure dynamic pressure distributions on the contact area of footing
and soil.

4, To study the effect of rigid boundaries around the scil.

5. To provide a basis for a finite element model of the test problem for com-
parison of the experimental results with some of the finite element calculations
used for prediction of foundation behavior under dynamic leads.

8. To compare test results with existing theories.

Model foundations and structures will be excited by a range of different types
of loading, i.e., impact, steady state harmonic, and random, the latter simulat-
ing an earthquake motion. The first two are active loadings acting directly
upen the footing, and the third will be passive, imparted to the structure

through the soil by waves emanating from the motion of the soil buckst.

1.6. ORGANITZATION OF THE REPORT

The remainder of this report is divided into seven additional chapters.
Chapter 2 describes the modeling laws applied to geotechnical problems particu-
larly in centrifuge model testing, A review of the history of the centrifuge
modelihg technique in geotechnical engineering is alsc presented. Chapter 3
contains the preliminary footing vibration tests performed in the laboratory at
1-g gravitational acceleration. The chapter includes a discussion of the boun-
dary effects on dynamic response of a footing vibrating on a bounded medium.
Physical properties of the soil employed in centrifuge tests are provided in
Chapter 4. Results of laboratory tests such as grain distribution analysis,
minimum and maximum density evaluation, and other conventicnal tests

measuring soil properties are reported in this chapter. Dynamic properties of
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the soil are also measured through resonant column tests and ultrasonic wave
propagation velocily measurements. The equipment, instrumentation, elec-
tronic circuitry. and data acquisition system are discussed in Chapter 5. Test
procedures, and data acquisition and reduction techniques are reviewed in
Chapter 6. Model footings and structures and other information related to each

particular experiment are alse discussed in this chapter.

The results of the experiments, as well as some limited analysis of the resuits
are contained in Chapter 7. The results include the time-amplitude plots,
Fourier amplitude spectra, and response curves obtained from forced vibration
and transient tests. Pressure distributions on the soil-foundation contact area,
and mode shapes of vibrating rigid structures are derived experimentally. A
summary discussion of the results related to each parametric study is
presented in this chapter. Chapter B presents the lumped parameter analysis of
the model specimen structures. Existing methods of calculating foundation-soil
impedances and embedment factors are presented and compared. These
methods are used to obfain analytical response curves that are compared with
the experimental results. A summary, conclusions, and recommendations con-

cerning the entire contents of the report is presented at the end of this chapter.
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CHAPTER 2
CENTRIFUGE MODEL TESTING

2.1 INTRODUCTION

Many problems in physical sciences are not amenable to com?lete mathemat-
ical modeling in order to discover the reasons and philosophy behind their
existence. The horizons of theoretical techniques in searching for sclutions of
the puzzles set forth by nature are limited. Nevertheless, a great number of
problems in physics can be solved successfully by application of these methods.
But, in many cases the analytical methods fail to yield a thorough and clear pic-
ture of complex problems. Many simplified and even sometimes unrealistic
assumptions have to be introduced which lead to very conservative or mislead-
ing results. In search for solutions of unresolved questions which arise in the
course of theoretical efforts, many scientists and researchers in different fields
of science have turned to experimental techniques to elucidate the complex
physical processes. Stress and strain distributions in bodies with nonlinear
behavior, deformation and flow of rmulti-phase materials, and interaction of

fluids and solids constitute examples of these complicated phenomena.

Experiments on full-scale existing systems, such as giant civil engineering
structures, are often very expensive, difficult and even sometimes impossible.
Moreover, before undertaking expensive engineering projects an engineer tries
to find out how the structure would behave after it is constructed. In both cases
exact analysis and direct experimentation is precluded and therefore the best
alternative is to construct a model, i.e. a small scale replica of the structure and

to perform tests on it to obtain empirically the desired information.

In recent years civil engineers have shown an increasing desire to study
behavior of structures and particularly soil masses through the application of

models. Soil mechanics was not appreciated as a branch of science up to the
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late nineteenth century, and consequently application of model studies in this
fleld is still very new in comparison with other areas of science. Rocha {1957)
published one of the original papers on general modeling laws in soil mechanics.
Roscoe (1968) presented a paper in which he covered general moedel theory in
soil mechanics, and the advantages of centrifuge model testing. A collection of
selected papers on modeling techniques in soil mechanics and geology with spe-

cial emphasis on centrifuge testing methods was compiled by Scott (1975).
2.2 CENTRIFUGE MODELING

In recent years application of the cenfrifuge as a powerful tool in solving
geotechnical engineering problems by modelling, has beenh widely accepted by
researchers and engineers. Perhaps the first use of a centrifuge for geotechni-
cal purposes was made by Bucky (1931). On the use of the machine to study
models under the effect of stresses arising from the weight of the material itself
he noted :

“To produce at corresponding points in a small-scale model the same
unit stresses that exist in the full-scale structure, the weight of the
material of the model must be increased in the same ratio that the
gcale of the model is decreased with respect to the full-scale structure.
The effect of an increase in weight may be obtained by the use of cen-

trifugal force, the model beilng placed in a suitable revolving
apparatus.”

Most soil properties strongly depend upoen the confining pressure which is
largely gravity-induced. Thus, in seils, for the model and prototype to behave
sirnilarly, the confining stress must be identical in both systerns at homologous
points. If model tests on soil are to be performed in the earth’s gravity field,
then the mass density of the model material must be increased in the same
ratio that its size has been reduced. In case of secil, because of its complex
stress-strain behavior, it is difficult or impossible to construct the model with a
material other than prototype soil. The other alternative is to use the same soil

in the model as in the prototype, but perform the tests in a centrifuge as Bucky
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indicated. A centrifuge uses centrifugal acceleration to simulate gravitational
lcading on soil. The ratio of the accelerations in model and prototype struc-
tures must be inversely proportional to the ratic of their linear dimensions.
Thus, for a model 100 times reduced in size, it should be subjected to an
acceleration 100 times the earth gravitational acceleration. Appendix {A) pro-
vides an analytical exarnple deriving scaling relations of the model and proto-
type.

If the ratic of linear prototype dimensions to those of a centrifuge model is N,
then the ratio of areas and volumes are N* and N® respectively. According to the
scaling relations, forces in the prototype will be N? times those in model and
moments N® times, so that stresses {force per unit area) remain unchanged.
Because the same material is used in both model and protetype, strains are also
equivalent in both systems, and thus, displacements (strains times length) in
the prototype are N times larger than in the model. Therefore, using the same
material in model and prototype and placing the model in a centrifuge accelera-
tion field N times normal terrestrial gravity resuits in the same strains and

stresses at homologous points.

The principles of centrifuge modelling can be extended to the modelling of
time-dependent events, such as dynamic soil-structure interaction systems. It
can be shown that time in the prototype is N times the time in the model, so
dynamic events take place N times faster in the model. As a result, frequencies
and accelerations are higher by a factor of N in the model, while velocities
remain the same. Energy in the prototype is N° times the energy in the model
and power is N® times larger in the prototype. Table 2.1 lists the scaling relation-
ships between prototype and model (centrifuge) parameters at a modelling scale

of N.

In this investigation the soil-structure interaction of model towers and simple
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TABLE 2.1
SCALE RATIOS
Quantity Full Scale Centrifugal
(Prototype) Model et Ng's

Linear Dimension 1 1/n
Ares 1 1/ n?
Volume i 1/ nd
Time

In Dynamic Terms 1 1/ n

In Diffusion Cases 1 1/ n?

In Viscous Flow Cases 1 1
Velocity (Distance/ Time) 1 1
Acceleration (Distance/ Timg) 1 n
Mass 1 1/n®
Force 1 1/ n?
Energy 1 1/ nd
Stress {Force/ Area) 1 1
Strain (Displacements Unit Length) 1 1
Density 1 1
Energy Density 1 1
Frequency

In Dynamic Problems 1 n
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footings on a foundation of dry sand were studied. Rigid prototype footings of
different shapes and sizes were simulated using model footings with high rigidity
in comparison with soil stiffiness. Thus, only geometrical and inertial charac-

teristics of models were scaled to the required ratios.

The centrifuge method was used for these experiments because of its attrac-
tiveness that the stresses in the model are identical to those in the prototype so
that it aveids problems associated with testing, at earth gravity, small seil
models involving materials with strongly nenlinear behavior, Scott(1977). The
disadvantages lie in performing tests with models in flight at speeds of 100 to
500 rpm while trying to control the tesi process, and to transfer power and
electrical signals in and out of the centrifuge through electric and hydraulic
sliprings. In dynamic modelling tests any shaking system used to simulate pas-
sive (earthquake-like motions), or active loadings (e.g.. steady state shaking by a
shaker mounted on model structure) must have frequency and acceleration out-
put capability N times the prototype values. Thus, for protetype structures with
natural frequencies in a range of 1 to 20 HZ the shaker frequency output at a

model scale of 100,for example, must be from 100 to 2000 HZ.

Several questions in evaluating the results of a centrifuge test program must
be answered. How well does a model test predict a prototype behavior? Do the
scaling relationships apply to all features of the problem? Considering the first
question, it is desirable to check the centrifuge modelling method, whenever
possible, by direct comparisen with field tests (e.g., Lyndon and Schofleld, 1978;
Scott et al., 1982). However this is not always possible. In many cases indirect
evidence can be provided to prove validity of centrifuge modelling tests
(Schofield, 1981). In order to demonstrate the internal consistency of a test
series, similar meodels at different scales, all simulating the same prototype
structure, are tested. It 1s obvious that all these models should deliver the same

results for the desired prototype. This indirect check of modelling technique is
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called "modelling of models”. In relation to the second guestion, referring to
Scott (1977) when the same soil is used in the model as in the prototype, there
is a problem in deciding at what seil grain scale the application of coﬁtinuum
and constitutive laws Lo both model and prototype soils will break down. In the
case of very fine-grained seoils such as clays there will be many grains in a
representative soil element in both prototype and model. In this case the bulk
material properties of both model and protetype material are identical. On the
other hand, in a coarse sand with grains around a miliimeter {n diameter, there
will be fewer grains in a model soil element than in the prototype. In this case,
stress-strain relations of model and prototype may not be the relevant factors,
but the individual grains in the model represent the behavior of gravel or even
boulders in the prototype. Thus, the soil material in the model may not

represent a continuum any more.

It is noted that there iz a contradiction between the scale factor for time in

dynamic events {scale factor %-) and for time in diffusion effects such as pore

pressure dissipation (scale factor ﬁlz_)' In seismic events where the inertial

effects must be considered and when there is pore water pressure dissipation in
soil, such as in liquefaction of a saturated sand layer, the above problem may
cause difficulties in centrifuge modelling. One way to cure this problem is to
decrease the permeability of the soil for flow through the pores (Schofield,
1981). However, in the present study the sand used was fully dry, thus, there

was no flow of water in the pores to cause any problem in the scaling laws.

In dynamic tests in ﬁhe centrifuge the vibrating model has a relative motion
with respect to the rotating reference frame of the centrifuge arm. This will
cause a Coriolis acceleration, &, on the model. This acceleration is equal to the
vector product of angular velocity of centrifuge arm (3 ) and the relative velo-

city of the model motion, V, with respect to the rotating frame of the centrifuge
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arm. The angular velocity & is parallel to the centrifuge rotational axis and the
velocity v may be in any direction depending on the experiment set up. Figure
2.1 shows a model tower oscillating in the test bucket and the direction of the
vectors & and V. To minimize the adverse effect of Coriolis acceleration on the
test results, the model should vibrate parallel to the axis of rotation. Pokrovsky
and Fyodorov (1968} realized this problem during their tests on cratering and
suggested that for a model container velocity in flight at around 30 m/s (98.4
ft/s) there is a region of prototype velocities for which modeling errors occur
between 1.5 m/s (4.92 ft/s) and 60 m/s (196.8 ft/s). Since velocity of the model
towers fall in the above-mentioned undesirable range of velocities it was tried to

excite the towers in a direction parallel to the centrifuge axis whenever possible.

As was mentioned previously, the first use of a centrifuge in the geotechnical
area dates back to the early 1930's when Bucky used one to study some simple
mining problems. A little later in the Soviet Union, a centrifuge was used in soil
mechanics testing by Polrovsky and a number of co-workers. The use of the
centrifuge was not widespread in the western hemisphere, particularly in the
United States up to about 15 or 20 years ago., when it started undergoing a
rebirth. Scott and Morgan (1977) through a literature survey, presented a proof
of desirability for different uses of centrifuge testing procedure. In a recent
paper Schofield (1981) reviewed applications of centrifuge modelling technique

in dynamic and earthquake geotechnical problems.

At present, a number of centrifuges have been built and used for soil testing
around the world. There are four in the United Kingdom, one at Liverpool, two
at Manchester and one at Cambridge, with radii up to 5 meters and acceleration
capabilities up to 200g. In Russia, Polshin ef al {(1973) reported that "several
dozen" centrifuges have been employed for soil testing purposes. In addition,
centrifuges are currently used for geotechnical research in Sweden, Denmark,

France, and Japan. In the United States other than the National Centrifuge
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facility in the Ames Research Center which is currently still under construction
for soil mechanics studies, only a few small centrifuges have been used,

slthough the technique was originated here by Bucky.

Even with so many centrifuges built and operational around the world, and
the number of tests performed, there is not sufficient evidence of quantitative
centrifugal test results nor have many comparisens been made between models
and prototypes. In many cases only a qualitative agreement between model and
prototype behavior has been reported. In view of these inadequacies there is a
greal need for more quantitative test results, as well as comparisons of model
and prototype behavior, or verifications through the method of "modeling of
medels”. This is ocne of the major goals of the particular research program, the
dynamic centrifuge testing of soil-structure interaction phenomenon, cited in

this report.
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CHAPTER 3
PRELIMINARY EXPERIMENTS ON FOAM RUBBER

3.1. INTRODUCTION

A series of experiments on dynamic response of rigid circular footings resting
on the surface of a large piece of foam rubber was performed at sarth gravita-
tional acceleration fleld in the laboratory. The main purpose of these tests was
to study the difficulties which might arise during dynamic testing in a centrifuge
and to discover the relevant factors in design and constructioen of model struc-
tures, shaking equipment, and electronic circuitry for signal conditioning and
controlling centrifuge tests. Results of these experiments were compared with
common theoretical techniques in dynamic design of footings as a guide for

later analysis of centrifuge experiments.

An experimental investigation of the same nature was performed by Arnold,
et al (1955) where they studied all rigid body modes of vibration (i.e. rocking,
sliding, vertical, and torsion) of rigid circular footings. Their main goal, how-

ever, was to present an experimental proof to elastic half-space theory.

In the present experiments, the vertical mode of vibration of two circular

footings with different masses was studied.

3.2. ELASTIC MEDIUM and FOOTINGS

In meoedelling dynamic response of rigid footings on elastic half-space with
geometrical similarity between model and prototype, the mass ratio B, (Eqn.
1.13) remains constant if the same density ratios of footing mass to elastic
medium in addition to equal Poisson's ratics exist. Referring to the expression
for magnification factor M ( Eqn. 1.15) functions F; and F; must also be the
same for both systems to have identical dimensicnless amplitude ratios. These

are mainly functions of a,, the dimensionless frequency. Therefore if model
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footings are subjected to dynamic leads in the same range of dimensionless fre-
quencies as the prototype, the magnification factor M should be the same for

both systems.

Theoretically the elastic medium should have infinite extent, but in an experi-
ment a finite model can be used provided wave reflections from the model boun-
daries can be eliminated. A piece of foam rubber (Urethane foam, density 1.5
pcf) 4 ft square in area and 2 ft high was provided to simulate the semi-infinite
medium. Since complete elastic properties and damping characteristics of the
material were not available, a series of extension and compression tests on sam-
ples with red and cube configurations was performed. They produced values of
elastic modulus E, Poisson’s ratio v, and shear modulus G eqgual to 16.5 psi,
0.328, and B.3 psi respectively. However, it was realized that the behavior of the
material is dependent on the time rate of leading which is a characteristic of
'visco-elastic’ materials. Thus, elastic properites had to be calculated from
dynamic testing of the material, such as wave propagation methods. Propaga-
tion velocities of energy waves emanating from a vibrating footing at the center
of the rubber surface were measured. The test procedure and method of calcu-
lation of the elastic ccefficients from the measured velocities are described
later. It was expected that damping in the rubber was sufficient to prevent ran-
dom reflections without producing any adverse effect on experimental results in
comparison with the behavior of a theoretical undamped medium. However, the
material damping in the foam did not fully serve the desired purposes. It
reduced amplitude of vibration in cemparison with theoreticai results, especially
around the resonance peak. In one case at low {requencies where the wave
lengths are large compared with lateral dimensions of the medium it could not

compiletely prevent reflection of the waves from the boundaries.

Two wooden disks with the same base radii but different masses were used as

the rigid footings (footings A and B). Their rigidity was checked during
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experiments by recording amplitudes of vibration at a few points on the foot-
ings. They were attached to the surface of the rubber at the center of the sur-

- face area. The values of their masses and dimensions are given in Table 3.1.

Table 3.1 Footings Masses and Dimensions

Radius | Thickness Weight (1b1) Mass Ratio
Footing {(including the coil
r, {in) t {in) and load cell) B,
A 2.51 0.125 0.284 4.7
B 2.51 0.325 0.573 7.0
Weight of the Coil and the Load Cell = 0.285 ibf
Weight of the Load Cell = 0.074 lbs )

Note that the footing mass includes mass of a load cell and an electrical coil
mounted on the footing (see Section 3.3.1). The value of Poisson's ratio of the
foam required in evaluation of mass ratio B; is derived from Table 3.2 presented

in a later section.

3.3. EQUIPMENT and INSTRUMENTATION
The equipment uged is divided in two groups, one to generate the exciting
force and the other to measure applied force and output signals (see Fig. 3.1).

These and the test procedure are explained next.

3.3.1. Loading Equipment

An electromagnetic shaker was used to vibrate the foolings vertically. The
force was produced by the interaction of a permanent magnet and a coil
through which an alternating current was passed. The c¢oil was mounted on a
load cell which was fixed on the footing at the center of its surface area. The

permanent magnet of the shaker was fixed at the mid-span of a steel I beam
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FIGURE 3.1: EXPERIMENTAL EQUIPMENT

FIGURE 3.2: FOOTING, LOAD CELL, ELECTROMAGNET
SHAKER AND SUPPORTING BEAM
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exactly above the coil {Fig. 3.2). Together, the coil and the load cell, formed part
of the footing weight. Input voltage to the coil was generated by a Dynascan
Model B&K Precision 3020 sweep /function generator, and amplified by the Hafler
© DH-200 power amplifier, both available comumercially. ‘In steady state vibration
tests a sinusoidal voltage signal was generated by the function generator and
applied to the coil after being amplified. Frequency of oscillation could be
varied continuously and the load amplitude could be controlled by reading the
output from the load cell and adjusting the input voltage. Variation of the
shaker force with {requency of oscillation, at a constant input voltage to the
coll, is shown in Figure 3.3. As is seen from the figure force ampilitude reduces
as the frequency increases which requires higher input voltage to the coil to
keep the force amplitude constant. In transient tests, an electrical veltage
pulse was fed into the coil by the function generator and power amplifier, In
order to synchronize application time of the pulse and start time of recording
equipment, the output pulse from the function generator was passed through a
relay and then it was used simultaneously to activate the coil and to trigger the

measuring equipment.

3.3.2. Measuring Equipment

Transducers, signal conditioning and recording squipment comprise the
measuring system which includes the {ollowing equipment:

a) Accelerometers: Three Entran Devices Inc. Model EGAL-125F-10D minjature
accelerometers were used. They were labeled in these experiments as
accelerometer (A1), Serial No. 10UQU-V2-2; (A2), Serial No. 10UQU-V3-3;
and {A3), Serial No. 10UOU-V1-1. They only weigh about 1 gram and
were rigidly glued to the footing or rubber surface by double sided
adhesive tape. The accelerometers have a range of 10 g with a nomi-

nal sensitivity of about 12 mv/g {varies slightly from this with each
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particular unit), an input irmpedance of about 900 ohms, an output
impedance of about 400 ohmas, and a useful frequency range of DC to
about 600 Hz. They were powered by a +15 volt DC power supply. Simi-
lar accelerometers with some different specifications have been used in
later centrifuge experiments and are described in more detail in
Chapter 5, "Equipment and Instrumentation” for centrifuge tests.

b} Load Cell: A metallic ring on which 4 strain gages are fixed and connected
in such a way that they constitute a Wheatstone bridge, was con-
structed to measure applied magnetic forces on the footing. Upon
loading, the ring deforms and the strain gages deliver a voltage propor-
tional to tangential strain, and consequently, for small deformations,
to the developed lead in the ring. The resonant frequency of the load
cell fixed on a rigid flcor was determined from its free vibration after
being excited by an initial impulse force. This frequency was about 850
Hz which is approximately 15 times the resonant frequency of the
footing-foam rubber system as will be seen later. The load cell was
powered by a +5 volts excitation.

¢) Heathkit Model IP-2718 TRI-Power Supply: It was used to power accelero-
meters and the load cell.

d) Signal Amplifier: A four channel voltage follower instrumentation ampli-
fier, LF352 (Fig. 3.4), was designed particularly for these experiments.
Qutput signais from the accelerometers, and the load cell were
amplified before being recorded. Required power input to the amplifier
{£ 15 volts) was provided by a standard adjustable dual tracking power
supply, (CA4194).

e) Oscilloscope Tektronix 5103N: This provided a visual display of the wave
forms being measured, from which it was possible to obtain accurate

measures of voltage and time.
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f) Monsanto Model 100A Counter - Timer: Precise frequency measurements
from DC to high frequencies were made possible by this digital counter.

g) Recorder: Originally a Honeywell Mode] 1B58 CRT Visicorder was used, but
later a micro-computer with an ADC unit {Analog to Digital Convertor)
was employed in recording the data. Only the Visicorder is described
here and the computer will be referred to in Chapter 5. The Visicorder
allows inertialess analog recording of the data from DC to § KHz. The
analog signals are recorded on Kodak Type UV 1920-80330Y Visicorder
Recording Paper. The sensitivity of recording in the tests was 200
mv/division {1 division= 2.5 cm). Recording of dynamic tests usually
took place at a paper speed of 20 to 50 inches per second depending on

the particular test.

A complete diagram of the test set-up for steady state and transient shaking of

the footings in their vertical mode of vibration is depicted in Figure 3.5.

3.4. CALIBRATION OF TRANSDUCERS

The load cell was calibrated by placing known weights on a plate attached to
its top and reading the output voltage of the strain gages at each load. A
straight line was fitted through the data points by minimizing sum of the
squares of deviations. Y-intercept and slope coeflicients of this line were calcu-
lated as -0.005 Ibf and 3.113 lbf/mv respectively. Accelerometers were cali-
brated on a tiit table which permits varying the acceleration from -1 gto +1 g
continuously. Slope coefficients of calibration lines for accelerometers (A1),
(A2), and (A3) were equal to 11.175 mv/g, 11.375 mv/g, and 11.300 mv/g respec-

tively.

3.5. EXPERIMENTAL PROCEDURE AND RESULTS

The following two groups of experiments were performed:
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a) Wave propagation tests Lo measure dynamic properties of the foam
rubber.
b) Steady state and transient (pulse} shaking of footings A and B in their

vertical mode of vibration.

3.5.1. Wave Propagation Tests

Compression and Rayleigh wave velocities were both measured. In the first
case two accelerometers were attached to the rubber surface on a line passing
through the center of the surface area at a fixed distance from each other.
These two accelerometers served as receiving stations for an incoming pulse
wave generated at the footing by the magnetic shaker. An electrical pulse pro-
duced by the function generator passed through a relay before it was amplified
by the power amplifier to energize the coil (see Fig. 3.5). Thus the width of the
pulse depended on the wave form generalted by the function generator and the
time interval between closure and opening of the relay. This was controlied by
the computer,which sent éignals to another relay inside the ADC to energize and
close the main relay. Just before closure of the relay, the computer started the
ADC to take data at a rate of 25 KHz per channel. This was made possible by an
appropriate software and hardware package built into the system; the package
will be explained in chapter 5. If the Visicorder is used for recording, the relay
was closed manually, and the input pulse to the coil used to trigger the recorder
as well. For wave speeds of 150 ft/sec to 400 [t/sec, and distances of 12 to 20
inches between transducers, a maximum of 1.5% errcr may occur in measuring
the velocities. The travel time of pressure waves between the two recording sta-
tions was measured from the recorded acceleration signals. Wave velocity was

calculated from the expression
Vo= & (3.1)

where V, is the pressure wave velocity, d the distance between recording
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stations, and At the travel time.

Rayleigh-wave velocities were measured by applying a source of harmeonic
vibration at the rubber surface and measuring the wave length of the resulting
surface waves {see Richart et al, 1970). The distance between points oscillating
in phase with the source of vibration and the location point of the source is
equal to a multiple of wavelength, Lg. Wave velocity Vg, was then calculated from
the measured wave length and the frequency of vibration fg, according to the

following relation
Vg = Lg-fr (3.2)

Steady state vibration was generated by an electromagnetic shaker which can
produce high-frequency harmonic oscillation of the footing. Two accelerometers
were located on the surface of the rubber, one fixed near the center and the
other at a distance which was gradually increased along a line passing through
the center of the foam rubber area. They sensed the vertical component of the
Rayleigh wave. When motions in the transducers were in phase, the distance
between them was equal to one wavelength and wave velocity was calculated

from Equation 3.2. Shear wave velocity V, was then calculated as
Ve = Kg Vg (3.3)

where Kg is a constant depending on the value of Poisson’s ratio, v. For v equal
to 0.325, the value of Kg is 0.831. Elastic moduli can be evaluated from the

rmeasursed wave velocities by the following relations (Kolsky, 1953 )

G=pV@ (3.4)
g= ‘(21”1(:}*”) VE (3.5)

The measured wave velocities and calculated elastic coefficients are presented in

Table 3.2.
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Table 3.2. Material Properties of Foamn Rubber

(Measured Experimentally)

Unit Weight | Shear Wave | Rayleigh Pressure Young's Shear Poisson's
VYelocity Wave Vel Wave Vel, Modulus Modulus Ratio

b3 | Vi(ttrsec) | Vplft/sec) | Viy(it/see) | B (bi/in® | 6(bt/in®) | v

1.5 185.0 172.2 355.0 29.4 11.08 0.325

3.5.2. Vertical Yibralion of Footings

Footings A and B (Tbl. 3.1) were vibrated vertically under steady-state and
pulse loadings. In steé.dy—state tests a harmonic voltage signal {rom the func-
tion generator was amplified by the power amplifier and input to the coil. The
frequency of vibration varied from about 20 Hz teo 600 Hz. At different frequen-
cies outputs from the load cell and accelerometers were recorded by the
Visicorder. All three accelerocmeters were mounted on the footing, where Al was
placed at the center, A2 at half the footing radius from the center, and A3 at the
edge. Linearity of acceleration output versus lecad amplitude was verifled at
different frequencies. In the tests where the force amplitude was not constant
when frequency of oscillation varied, acceleration amplitudes were originally
corrected for a constant ferce level at different frequencies and then integrated
twice with respect to time to produce displacement amplitudes. Figures 3.6 and
3.7 illustrate displacement response curves (amplitude vs frequency) and the
values of resonant frequencies and damping ratios derived from experimental
data points. Resonant frequencies are estimated from approximate positions of

peaks in the plots and damping values are derived from the sharpness of

resonant curves{Kolsky, 1953).

Transient pulse shaking of the footings was performed in the same way as for
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the pressure wave velocity measurements, but with only one accelerometer
mounted at the center of footing. Natural frequencies of the vibration and aver-
age damping ratios calculated from logarithmic decrement of the amplitudes

were derived from free oscillation plots of the footings (see Figs. 3.8a,b).

3.6. COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

Theoretical curves for the displacement magnification factor versus dimen-
sionless frequency, and curves for dimensionless frequency and magnification
factor at vertical vibration resonance in terms of mass ratio are provided by
Richart, et al (1970). Mass ratio B, varies from 0 to 5 in these curves. Thus, for
footing B with B, > & the damped single degree of freedom analog with
frequency-dependent stiffness and damping coefficients should be analysed (see
Chapter 1). However, Lysmer (1965) showed that a simplified model of the half-
space problem with constant coefficients yields solutions in remarkable agree-

ment with exact ones. He chose the spring constant X, equal to the static value

4Gr,
1-v

K: = (3.8)

(where r, is the radius of the footing)

and found the best fit for the damping term C, in the range {0 < a, < 1.0) to be

8.4r2
(1-v)

Cy = VpG (3.7)

Thus, the equation of motion for Lysmer’s analog is

. 3.4rf . 4Gr,
mz + W‘JpG Z + WZ =Q (3.8)

where z is the vertical displacement of the rigid footing and Q is the vertical con-~
centrated oscillating foree on the footing.
Using the above model and the values of footing radii and elastic constants in

tables 3.1 and 3.2 theoretical response curves for the two footings
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{magnification factor M vs dimensionless frequency a,), are plotted in Figures
3.9a,b. The experimental points are added to these curves which show a reason-
able agreement between the theoretical and experimental results particularly as

the frequency increases beyond or decreases below the resonant frequency .

Table 3.3 Resonant Frequencies and Damping Ratios
{Experimental and Theoretical Data)

Method of Derivation Footing {, Resonant ¢ Damping
Freq. (Hz) Ratio

Experirnental A 68.0 0.20

Free Vibration B 50.0 0.22

Experimental A 68.2

Steady-state B 49.8 0.28

Vibration

Theoretical A 63.0 0.185

Lysmer B 52.8 0.16

Analog

Table 3.3 collects the experimental and theoretical values of resenant frequen-
cies and damping ratios for an easy comparison of these parameters. I is seen
that there is a close agreement between theoretical and experimental values of
resonant frequencies for the two footings. However, the larger damping values
for the experimental results explains the greater amplitude difference of the
response curves near resonance. A possible reason for discrepancy in damping
values is the material damping of the foam which is not included in theoretical

damping values.

There are two important aspects of the free vibration and steady-state test
results which need some explanation. These are described as follows:

(1) In magnification factor-frequency plots for footing A existence of a
second peak at 40 Hz is evidence of profound effect of lateral boundaries at low
frequencies of vibration. Kolsky (1853), in a rigorous treatment of the wave pro-
pagation problem in reds showed that when wavelengths of vibration increase as

frequency decreases, numerous reflections of the waves from boundaries causes
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the whole wave energy to propagate with one single speed called the rod velocity,
equal to \/?— Assuming that the whole mass of the foam rubber behaves as a

fixed-free rod vibrating longitudinally, then the fundamental frequency of the

vibratien, f;, is

_Vp _ 8550 _
t, = " o0 = 44.4 Hy (3.9)

where | is the height of [oam rubber mass.
This value is in reasonable agreement with the lower frequency observed in

steady-state experiments for the footings,

(2) Referring to Figure 3.8b a higher harmonic with smaller amplitude than
the fundamental mode is present in the acceleration response of footing B. This
suggests that the system of coil, load cell, footing, and feam rubber constitute a
two mass oscillator with two degrees of freedem. Mass m, , the coil plus one
third of the load cell, is elastically supported by spring k;, i.e. the load cell. The
footing and the rest of the load cell constitute the second mass. mg, resting on
the spring K, i.e. the elastic Ihalf—space (Fig 3.10). From Table 3.1, m, is calcu-
lated as 0.238 1b and m; is found to be 0.148 Ib for footing A and 0.337 1b for
footing B. Stiffness of the lecad cell (k = 3000 lbf/in), and its damping ratio
(£ =.04) were evaluated from free vibration of the coil and load cell mounted on
a rigid base. The spring stiffness k; for the foam rubber according to the

simplified Lysmer's analog is

o A4Gr,  4x11.08x251
(1=w) (1-0.325)

Ke = 164.81bf/in (3.10)

Damping ratio £ for the footing-rubber system can be found from Equaticn

3.7. The solution for the undamped response of this system is well known and
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can be written as

zi{t) Eita s Zi2 |
22(0) 1 = | 221 sinw,t + - sinwgt (3.11)
Where z, and z; are vertical displacements of the masses m,; and my. In the
displacement z;, the first subscript identifies the amplitudes of mass m, or mjy

while the second subscript indicates the frequency and meode with which the

amplitude z;; is associated. The two natural frequencies of the system are

K K = Kf
iy = PR ST Kaz - 1K Kee . Kz (3.12)
21m mgy 4 | my mg | m;mg
in which
kj, =k, K2 =kz; = -k, , and
kzz = ki + ka | (3.13)

Substituting for the stiffness and mass values in equation 3.12, the frequen-

cies f; and {; are found to be
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= i— [—4
f1 = o Wy 52.8 Hz
o (3.14)
2 = gr'ﬁ)g = 462.0 Hz

These values are in close agreement with experimental values shown in Fig~

ure 3.8b, which proves the validity of the assumed two degree of freedom medel.

Rigidities of the footings were checked by plotting response curves of the
three accelerometers on the surface relative te the amplitude of accelerometer
no. 1 at the center (Fig. 3.11a,b). It is obvicus that footing A slightly bends dur-
ing vibration where accelerometers 2 and 3 at the middle and at the edge have
smaller amplitudes compared with accelerometer 1 at the center, but footing B
is fairly rigid and therefore yields closer experimental results to the predictions

of elastic half-space theory for the vibration of a rigid surface footing.

Thus, even theough the footing-foam rubber system chosen for these sxperi-
ments could not perfectly simulate the vibration problem of a rigid footing on
the surface of an elastic half-space medium, it did contribute a great amount of

information as an aid to understanding the physics of the problem.
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CHAPTER 4
SOI.

4.1. INTRODUCTION

The response of a soil-structure system under dynamic loads strongly
depends on the actual properties of the soil. In any analytical or numerical
analysis for the determination of stress and strain distribution in the
foundation-soil system, soil properties are taken into account by a stress-strain
matrix. If soil is assumed a3 a linearly elastic isotropic material the coefficients
of the constitutive equations relating stress components te strains, may be
defined by two elastic constants. Nonlinear but reversible soil behavior can be
appreximated in one appreach by use of equivalent elastic constants which vary
as functions of stress or strain level. This is valid if permanent accumulative

strains do not develop in the soil mass.

Strains in soils beneath a well-designed machine foundation generally should
be smaller than 107® to prevent any discomfort to the people working near the
machinery and to ensure safe operation of the machinery and nearby equip-
ment. In strong ground shaking during earthquakes, or in large stress loadings
during severe storms, strains in the soil beneath buildings or other structures
generally should be smaller than 107%; otherwise, the motions of the structure
would be so large as te damage the structure or associated mechanical/piping
systems. In such cases failure of the soil is not of primary concern and even
though some permanent displacements do occur it is customary to assume the
scil to be a linearly viscoelastic material, or as a nonlinear material whose
dynamic properties vary with the amplitude of deformations. Thus, because of
the development of small strains in many dynamic scil mechanics problems,
measurement and application of elastic moduli in analysis of stresses and
strains has more meaning compared with the large deformation problems of soil

staties.
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Dynamic behavior of soils and soil-supported structures are usually
defined by equivalent linear elastic moduli and viscous damping at strain ampli-
tudes less than 10* as the reference conditions. Nonlinear inelastic soil
response is introduced by multiplying the small-amplitude soil properties by

reduction factors accounting for large-strain effects (SW-AJA, 1972),

In a common approach, in the stress-strain loop resuliing from symmetrical
cyclic shear-loading of a soil sample (Fig. 4.1), the secant shear modulus G is
taken to be the slope of a line passing through the extreme points on the hys-
teresis loop {Seed and Idriss, 1970). Damping ratio D is defined as Ap/4mAr, in
which Ay, is the area of the loop and Ar is the area of triangle OAy; or OBy, for
the loops with different levels of maximum strain. As mentioned in Chapter 1
damping in dry sands occurs mainly because of internal Ifriction and the stress-
strain behavior of the soil is unaffected by the loading rate. In partial and fully
saturated soils, water movements in the pores and the resulting viscous drag
between water and solid introduces exira viscous damping in the soil mass. Hall
(1962) applied Biot's theory of wave propagation in a poro-elastic medium to
evaluate damping in granular saturated soils and concluded that in general the

hysteresis contribution is more important.

Empirical rules and experimental curves relating soil moduli and damping
coefficient to strain amplitude have been derived by many investigators {(Seed
and Idriss, 1970; Hardin and Drnevich, 1972; Richart, 1975; ete.). These curves
are usually used in current analytical and numerical methods te calculate
strains and stresses in a soil mass under dynamic loads. Nevertheless, whenever
possible, in the course of a project or a research program, a complete series vof

tests to evaluate the desired soil properties is recommended.

Conventional geotechnical tests, such as direct shear and compaction tests,

were performed for the scil used in this investigation. A special effort was
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undertaken to measure the dynamic properties of the soil. Results of these

tests and brief descriptions of the test procedures are discussed next.

4.2. GENERAL PROPERTIES OF SOIL

The type of soil used was Nevada 120 silica sand (Nevada Fine Sand - NFS).
This sand is a uniformly-graded, fine-grained scil with a grain-size distribution
as shown in Figure 4.2. In all of the tests the soil was dry and prepared in a
dense state with a density of about 104 to 106 pef equivalent to a relative den-
sity of 83% to 91.77%. Other features of this soil are:

a. Specific gravity of the sand was 2.67.

b. The friction angle of the dense sand was about 35°.

c. Minimum dry unit weight of the loose soil was 88 pef and its maximum dry

density at 10.2% water content was 108 pcf.

4.3. DYNAMIC SOIL PROPERTIES

The shear modulus and damping coefficient in the linearized model are
influenced by a number of parameters. In the case of sands, strain amplitude 7,
effective mean principal stress @,, void ratio e, and number of cycles of loadings
Ng, are the major parameters affecting the dynamic soil behavior (Hardin and

Drnevich, 1972).

Some soil properties are best measured or studied in the field, others in
laboratory, and some can be measured both in laboratory and in situ {Woods,
1978). Effect of large amplitude strains and other parameters on dynamic soil
properties can best be studied in a laboratory under controlled environment. In
the centrifuge tests usually remeolded soil is used. Thus, in this case the major
difficulty in laboratory testing of soil properties lies in producing the same den-
gity and stress environment in the specimen as in the soil in the centrifuge.

Stress distributions in homeogeneous soil masses in centrifuge tests are
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reasonably predictable and can be duplicated in laboratory testing of soil pro-
perties. Therefore, with a careful preparation of the soil sample in laboratory
and controlling the applied stresses on the sample during the test, it is pessible
to derive with reasonable accuracy the soil properties, needed for a later

analysis of centrifuge test results.

In this study rescnant columnn and ultrasenic pulse tests were performed on
the dry NFS to determine small strain shear modulus, Poissen's ratio, and
damping ratic of the scil. The results of these tests aleng with the reductien
factors incorporating the effect of large amplitude strains, can be used in any
theoretical analysis on this scil empleying a nonlinear reversible constitutive

model,

4.3.1. Resonant Column Tests

Resonant column tests are relatively nondestructive for strains below 107%
thus, many measurements can be performed on the same specimen under
different stress conditions. In these tests a vertical cylindrical specimen of soil,
i.e., a soil column, will be vibrated in its longitudinal or torsional mode of vibra-
tion by electromagnetic forces induced at one end of the specimen. The fre-
quency of input vibration can be changed until the first mode resonant fre-
quency of the scil celumn is found. The derived resonant frequency, geometry
and end restraint conditions of the sample, provide the necessary information
to calculate the velocity of the elastic waves in the soil. Young's and shear
moduli are then calculated from values of compression and shear velocities and
the density of the soil (Richart, Hall, and Woods, 1970). Damping in the speci-
men is determined from the magnification factor at resonance or from the
decay in amplitude of the free oscillating system after power to the driving coil

is cut off at resonance (see Fig. 4.3)
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{a) AVERAGE SHEAR STRAIN OF 0.5 x 10'4, FREQ. = 160 HZ

(DENSITY = 96.3 pcf, CONFINING PRESSURE =25.0 PSI)

{b} AVERAGE SHEAR STRAIN OF 1.5 x 10’3, FREQ. = 140 HZ

FIGURE 4.3: FREE OSCILLATION OF THE SPECIMEN 3 IN
RESONANT COLUMN TESTS
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Two platens are attached to thé ends of specimen. Different boundary condi-
tions exist at the ends of the column depending on the kind of the device used.
The whole vibration apparatus, mounted on the upper platen (the active end),
and the specimen are placed in a triaxial chamber. For sands the cylindrical
specimen is contained within a rubber membrane and a confining pressure is
applied which can be varied during the test. The pressure is mainly used to
study variation of dynamic scil properites under different levels of confining
stresses, however, it also serves to maintain the shape of the sample during the
test. A signal generator, a power amplifier, a digital voltmeter, a digital counter,
a storage oscilloscope, and an accelerometer comprise the electronic equipment

used in the test (see Fig. 4.4).

A "Hardin" resonant column apparatus was used in this investigation. The
soil specimen with fixed-free end conditions could only be excited in its torsional
mode of vibration {see Fig. 4.5). Tests were performed on three samples of dry
NFS with different void ratios (Tbl. 4.1). Samples 1 and 2 were prepared in a
dense state with similar void ratios, while sample 3 was looser than the other
two. At different confining pressures the lowest mode rescnant frequency of the
soil column-apparatus system, was measured for different average shear strains
ranging from 107 to 10™2. A computer program was used to calculate the fol-

lowing parameters (Drnevich, Hardin, and Shippy, 1878):

AW

(1) Mass density of the soil (p), p = - (4.1)
4

(2) Mass morment of inertia of the specimen (J}, J= E%%—l— (4.2)

(3) Shear modulus (G), G = 4m2p(tal )? (4.3)

(4) Modulus ratio (G/ Gmax),
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FIGURE 4.4: RESONANT COLUMN APPARATUS
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FIGURE 4.5: SCHEMATIC OF RESONANT COLUMN
END CONDITIONS (HARDIN, 1965)
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. G
(5) Shear wave velocity (Vg), V, = \/;—— (4.4)
(6) Angular displacement (®), @ = -(r)z-%(-;ﬂ—z (4.5)
. . _8xd
(7) Average shearing strain (¥), v = == (4.8)
(B) Steady state damping ratio (D), D = 0.5/ M (4.7)

where in above relations
W = weight of specimen
g = gravitational acceleration
{ =length of specimen
d = diamster of specimen
fn = resonant frequency of the specimen
a = angular acceleration

M = magnification factor at resonance.

The damping ratio, D°, in free oscillations of the specimen was calculated

from the logarithmic decrement & as

D'~ S/2m ) (4.8)
where § is calculated from
-1 Ansi
g= o ln—-——-AI (4.9)

in which
A, = amplitude of the 1st cycle
A, = amplitude of the (n+1)th cycle
Note: In the above relations the effect of apparatus damping, stiffness charac-

teristics, and calibration factors are not included.

Table 4.2. contains the values of shear modulus, shear wave velocity, average

shearing strain, and steady state damping ratios, for samples 1, 2, and 3 of soil
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Table 4.1. Properties and Test Conditions of
Samples in Resonant Column Test

Sample Dry Unit Void length, L.  Diameter,d Weight Confining

No. Weight, 74  Ratio, e Pressure
{(pet) (in) {in) (1b) Range (psi)
1 105.8 0.57 5.981 2.487 1.748 2 to 50
2 105.8 0.57 5.980 2.487 1.748 2 to 100
3 96.3 0.70 5.987 2.450 1.574 2to 100

Note: The above values of sample dimensions and unit weights
are the initial values at lowest confining pressure.

Table 4.2 Measured Dynamic Properties at Different
Confining Pressures in Resonant Column Tests

Confining | Sample Shear Shear Wave Average Steady State
Pressure No. Mocdulus Velocit Shear Strain | Damping Ratie

(psi) (psf) x 108 | (tt/sec (%) x 107* . (%%
1 0.855 510 1.25 1.74
2.0 2 0.871 515 1.22 2.83
3 0.881 470 1.58 1.02
1 1.110 580 0.97 2.80
4.0 2 1.320 834 0.82 1.89
3 0.881 538 1.24 1.89
1 1.570 890 0.89 1.87
8.0 2 1.790 737 081 1.20
3 1.270 851 0.86 4.07
1 1.820 T44 081 1.43
125 2 2.170 813 0.5 1.02
3 1.580 722 0.7 1.55
1 2.540 B77 0.44 1.08
25.0 2 3.090 969 0.38 1.02
3 2.210 BS7 0.5 0.93
1 3.750 1012 0.6 1.00
50.0 2 4.090 1113 0.27 1.04
3 3.040 1004 0.37 0.88

1
100.0 2 5.490 1287 0.2 1.13
3 4.170 1171 0.27 0.79
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at different values of confining pressures, for strains less than 107%

Darnping ratios derived frotn free oscillation of the specimen were found to be
consistently smaller than their corresponding steady-state counterparts. Since
free vibration of the specimen was not recorded for all cases steady-state damp-
ing ratios will be used in later analyses where needed. Figure 4 86a shows the
variation of damping ratio as a function of shear sirain at two different
confining pressures for samples 1 and 2. The damping ratic versus shear strain
relationship for sample 3 is shown in figure 4.6b. The nonlinear variation of
shear modulus with shear strain is shown in Figure 4.7a and 4.7b for the sam-
ples 2 and 3. The resonant column test does not yield reliable results for strains
more than about 10™* Thus . the stress-strain curves are extrapolated beyond
the strain limit of 10™* by comparing them with experimental curves derived
elsewhere (Seed and Idriss, 1970). Variation of shear modulus and damping
ratio as a function of confining pres'sure for strains less than 107® is presented
in Figures 4.8 and 4.9 for sarr.lples 1,2, and 3. As it is expected the denser sam-
ples have higher shear moduli. In Figure 4 8a the shear modulus versus
confining pressure for strains around 107° is also depicted. It is seen that for
higher values of strain, the slope of the log-log line relating shear modulus and
confining pressure @, increases. Hardin and Drnevich (1972) also noted this and
explained that the power of 7, with which the modulus varies increases from
about 0.5 at zero strain amplitude to 1.0 at large strain amplitudes. In the tests

on sample 1, slope of the above-mentioned log-log line varied from 0.43 to 0.47

for average shear strains of 107® to 107 respectively.

The following conclusions from the results of the resonant column tests on

the NFS are derived:

(1) The variation of shear modulus with power 0.43 to 0.47 of the confining

pressure is in close agreement with average value of 0.5 derived for
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other dry sands.

(2) The data points for damping ratic versus cenfining pressure generally
show thal the damping decreases as the confining pressure is increased.
However, in some cases the damping increases when the confining pres-
sure is increased. A commparison between Figures 4.8a and 4.6b shows
that the variation of damping with void ratio is not as small as

expected.

(3) Variation of shear moeduius and damping ratio with shear strain ampli-
tude and the values of small strain (¥ < 107%) shear modulus are in good
agreement with the results derived for other sands, summarized in a

report by Seed and Idriss (1970).

4.3.2. Ultrasonic Pulse Tests
The ultrasonic pulse velocity meaurement technique can be used as a quick.
nondestructive method to evaluate soil parameters appropriate for dynamic

analysis at strain ranges smaller than tests presently available.

Ultrascnic and acoustic wave propagations in solids have been used by many
researchers in physics, geclogy and geophysics to evaluate elastic and damping
properties of different materials, such as metals and rocks (Mason and McSki-
min, 1947, McSkimin, 1950; Mason, 195B; Birch, 1980; and Simmons, 19865).
Measurement of elastic soil moduli under large cyclic confining pressures have
been reported by Warren and Anderson (1973); Talwani, Nur, and Kovach (1973).
In addition, the methed has been used in determination of dynamic soil proper-
ties in the range of confining pressures and input frequencies pertinent to soil

mechanics problems (Lawrence, 1964; Stephenson, 1978).

In these tests a short cylindrical specimen is placed between two caps each

containing one transducer. A pulse voltage is applied to the driving transducer
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producing a mechanical vibration. The disturbance is then transmitted through
the specimen to a second transducer {receiver) which converts the mechanical
signal to an electrical one, amplifying and displaying it on an oscilloscope.
Shear and compression wave velocities of the sample are measured from the
length of the sample, and the travel time of the pulse between the two ends of
the sample. The most critical factors affecting the quality of the test results are
the right choice of transducers, dimensions of the specimen, and the charac-
teristics of the pulse generated (Stephenson, 1978; Tosaya, 1982). The require-
ments for the elastic waves to propagate in the medium without too many
reflections, mode conversions, and loss of first-arrival amplitude can be sum-

marized as:

(1) Effect of Specimen Size: The sample length-to-diameter ratio should be
less than 5 to aveid reductions in first-arrival amplitudes caused by
delays resulted from numerous reflections of the propagating waves
from the sidewalls. Pulse wave length should be much smaller than
sample diameter to limit the intensity of the secondary waves and to
prevent the wave energy from praopagating with the bar velocity rather

than longitudinal wave velocity.

(2} Effect of Finite Medium: For the pressure waves to propagate in an
infinite medium the effects of the specimen size should be minimum.
This criterion sets an upper limit for the wave length of the ultrasonic
pulse in the specimen. Thus for a material with known velocity a

minimum frequency limit for the transducer is determined from

fon = S S (4.10)

Tmax }\ma_x

where
Amax = Maximum wavelength compatible with assuming an infinite

medium
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Imin = Minimum frequency corresponding t0 Amax
Tmax = Maximium period corresponding to fmin and Amax

V = Velocity of wave propagation

In the experiments on the NFS the pressure and shear (P and 3) wave veloci-
ties were measured at 2 MHz and 1 MHz respectively. The upper limit for the
compressional velocities was close to 4560 ft/sec, measured at a maximum
confining pressure of 60 psi and a void ratic about 0.57. These numbers
correspond to a maximum compressional wave length of only 0.03 inch com-
pared with sample length and diameter values of 0.33 and 0.58 inch respectively.

The maximum shear wave length was also about 0.03 inch.

(3) Material Grain Size: When wavelengths are comparable with grain size of
the material, scattering of the energy by the grains considerably
reduces the first-arrival amplitude. To avoid this, the frequency of the
transducers should net be greater than a limiting value corresponding
to an acceptable minimum value of the wavelength. The minimum
shear velocity measured for the lowest confining pressure of 5 psi was
about 1545 ft/sec. This corresponds to a wavelength of about 0.02 inch
at a maximum frequency of 1 MHz. Almost 90 per cent of the grains in
the sand had diameters between 0.002 and 0.008 inch. Thus, scattering

of the waves by the grains was not a major problem in the tests.

Two ceramic piezoelectric transducers (lead eirconium  titanate, PZT-6A),
were used in the tests. The dry soil was compacted in a thick-walled brass
cylinder with the endplug/acoustical-transducer assemblies in place. Figure
4.10 contains schematic drawings of the sample/endplug assembly
configuration, and the transducers used for the experiments. The entire assem-
bly of the sample, transducers, and endplugs was hydrostatically leaded in a

pressure vessel. A schematic diagram of the confining-pressure system is pro-
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vided in Figure 4.11. Velocities and amplitudes were measured by an ultrasonic-
frequency pulse-transmission technique {e.g. Birch, 196Q) which was controlled
as diagrammed in Figure 4.11. Readings were taken at 5 psi increments of
confining pressure from 5 to 60 psi and 10 psi decrements from 60 to 10 psi for
hysteresis. The arrival time of the received signals were fairly clear because of
the sharp rise time of the signals as they are seen in Figure 4 12. Travel-time
resolution was +£0.025 microsecond for both pressure and shear wave measure-
ments. Velocities were calculated from sample length and travel-times of the
pulse in transmission. Elastic moduli were then calculated from these velocities
and the mass density of the soil (see Fqns. 3.4 and 3.5). Table 4.3 contains the
values of calculated compression and shear wave velocities, V; and V,, velocity

ratios V,/V;, Poisson's ratio, shear, Young's, and bulk modulus for the sand at

different values of confining pressure.

Table 4.3 Dynamic Soil Properties (Ultrasonic Pulse Test)

Confining Vi Vs Vp/ Vg | Poisson's Shear Young's Bulk
Pressure Ratio Modulus Modulus Modulus
(psi) ft/sec | ft/sec (psf)x10® | (pst)x108 | (psf)x108
5.0 2880 1542 1.75 .28 7.73 18.50 13.80
10.0 3150 1738 1.82 .28 10.02 25.8 18.82
15.0 3347 1837 1.81 .28 11.27 28.88 21.62
20.0 3578 1838 1.88 .36 12.32 32,03 28.10
25.0 3740 2034 1.84 .28 13.78 35.55 28.19
30.0 3872 2100 1.85 .28 14.41 37.17 30.27
35.0 4068 2185 1.88 .30 15.45 40.17 34.03
4.0 4187 2168 1.88 31 16.08 42.12 35.81
45.0 4285 2264 1.89 31 16.91 44.31 37.58
50.0 4384 2330 1.89 .30 17.75 48,14 39.48
55.0 4485 2382 1.89 31 18.58 48.88 41.55
80.0 4580 2385 1.80 31 19.00 49.78 43.22
50.0 4364 2330 1.89 .30 17.75 48.14 39.48
40.0 4187 2188 1.88 A1 18.08 42.12 35.81
30.0 4167 2264 1.86 .30 18.70 43.43 35.209
20.0 3808 2133 1.78 27 14.82 37.85 27,58
10.0 3445 1836 1,78 27 12.32 31.29 22.78
Nevada Sand - Room Dry Dry Unit Wejght Length of Semple
Void Ratio = 0.57 {pef) = 108.1 (in) = 0.32
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Values of shear moduli derived by this method are about 5 times bigger than the
values derived by resonant column tests. There are a few reasons for this large
difference of values. One reason is the difference in preparing the sample caus-
ing different void ratios in the samples for the rescnant column and ultrasonic
pulse tests. Also, the confining pressure equipment in the ultrasenic tests was
designed for the very high pressures usually used in testing on rocks. Therefore,
control and precise measuring of confining pressure is not as reliable as in
resonant column tests. The amplitudes of strains were extremely small in ultra-
sonic tests and frequencies were very high. These factors can increase stiffness
of the soil structure considerably. Figure 4.7a shows that at low shear strain
values, shear modulus is almost constant and dees not appreciably increase
with decrease in shear strain amplitude. This fact suggesté that at very low
shear strain amplitudes resonant column tests do not effectively measure the

real stiffness properties of the soil column.

The values for Poisson's ratio show a reasonable consistency at different
confining pressures. Referring to table 4.3 an average value of 0.3 is chosen for

Poisson's ratio for subsequent analyses.

4.4, SUMMARY

Shear moduli and damping ratios derived from rescnant column tests along
with the value of Poisson's ratio measured in ultrasonic pulse tests, provide the
dynamic soil properties required for a theoretical method employing a linear
viscoelastic or the equivalent linear hysteretic model of the soil. These values
are in the range of properties derived by other investigators for dry sands. How-
ever, they should be interpreted with care in the case of large amplitude loading

in the soil mass.

In the centrifuge experiments performed in this investigation the void ratio

of dry NFS was about 0.57 in all the tests. Therefore, test resuits for the
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samples 1 and 2 for small strain conditions can be used in later analysis in
Chapter 8. The shear modulus at different levels of confining pressure is derived
from table 4.2 or can be evaluated from the log-log curves of modulus versus
pressure with the slope of 0.44 derived for this soil. Poisson's ratio as was meas-
ured from ultrasonic pulse tests is equal to 0.3 and shear modulus variation
with shear strain is determined f{rom the test results in Figure 4.7, for strains
less than 10™. In the linear viscoelastic model employed in the analysis of data
in Chapter 8 the nonlinear behavior of soil is not included and the half-space
model is assumed to be homoegeneous and isetropie. Therefore, a constant value
of shear modulus for the entire soil volume is assumed. The value of the
modulus is considered for a confining pressure at a depth in soil, representing
the average value of modulus over a depth of influence of model vibration . The
values of this average confining pressure, soil moduli and damping are dérived

in Chapter 8.
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CHAPTER 5
EQUIPMENT AND INSTRUMENTATION

5.1. GENERAL PRESENTATION OF CENTRIFUGE

The centrifuge facility is located in two rooms, one called the “centrifuge
room” where the centrifuge is located and the other the "control room” contain-
ing all the instruments for test control, data acquisition and reduction systems
{Allard, 1983).

As shown in Figuré 9.1. the centrifuge room contains:

- the centrifuge

- the centrifuge motor

- the Haskell Engineering and supply Co. Modet
No. DEN-PRS1 hydraulic pump

- The rotating union ( Deublin 1595-40 Deublin 1895-100 )
mounted on top of the centrifuge enclosure at the center
axis
on the left wall are located (a. Fig. 5.1) Sabina Electric and
Engineering Model RG2800 XD which controls the power
supply of the centrifuge motor

- and (b, Fig.5.1) the on/off power switch

Figure 5.2. shows a view of the "control room" which includes some or all of
the following equipment:

- Computer TRS 80

- ADC Anolog to Digital Converter

- DAC Digital to Analog Converter

- Visicorder Honeywell Model 1858

- Hewlett-Packard X-Y plotier

- Digital Frequency Counter Heathkit 1M2410

- Controller MTS 408

- Oscilloscope Tektronix 5103N

- B&K Precision 3020 sweep/function generator
(called signal generator) on the front wall

- RPM counter box (c). and Centrifuge speed regulator (d),
on the front wall next to the RPM counter

- manual command for the hydraulic pump
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5.2. EQUIPMENT
5.2.1 The Centrifuge
The centrifuge (Fig. 5.3) is a model A1030 Genisco G-accelerator, which
consists of an 80-inch diameter alurminum-alley arm which rotates in the hor-
izontal plane and is rated at 10,000 g-pounds payload capacity. At each end of
the arm is located an 1B x 22 inch magnesium frame (Fig. 5.4} capable of carry-
ing a 200-pound payload to 50g or 80 pounds te 175g. The acceleraticn range at

the approximately 40- inch radius of the basket is from ! to 175g.

The machine is driven by means of a Sabina Electric and Engineering Type RG
2800 Single phase Full Wave Regenerative Static D.C. Drive with a 8 HP, 1725
rpm, 230v, 3-phase, constant torque, double-ended electric drive motor. For
accurate determination of the rotational speed, there iz located on the main
drive shaft a 800 tooth gear wheel, which, via a magnetic pickoff, produces 600
pulses per revolution. The pulses are read by an electronic counter which con-
verts them to an LED display of RPM accurate to 0.1 rpm. The drift and wow of
the systemn at any given setting is 0.08%. The acceleration arm is housed in an
extruded aluminum enclosure, with all the controls and instrumentation, in the

interests of safety, located remotely.

Electrical power and signals to and from the rotating arm or frame are
conducted through 44 sliprings of various capacities in the 10 to 30 amp range.
Experiments in the centrifuge can be observed by means of a television camera
mounted on the arm close to the axis and a TV monitor in the "control room".
5.2.2. Loading Equipment

Depending on the loading system or the vibration generating equipment
three different groups of dynamic tests were performed. The first two were
active dynamic tests which involved direct vibratory leading of the model. The
third one included passive dynamic tests in which the soil around the model was

submitted to dynamic loading. The model responded to the soil shaking as, for
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example, in a real earthquake. The loading systems for these groups of tests are

explained next.

5.2.2.1. Explosion Generating Loading System

A rigid rectangular model tower with circular footing was perturbed with a
small explosive charge detonated on one side near the top. To do this, a small
cavity was drilled near the tower top on its wider side on the center axis of the
area. Two threaded holes were then drilled from the shorter sides to the explo-
sive nest (the cavity). A few grains of explosive powder were packed intoc the cav-
ity and a small mass was pushed onto it, covering the powder. The inertial {orce
of the mass leaving the cavity during explosion exerts an impulsive reaction
force on the tower and initiates the subsequent oscillation. The explosive was
gun powder as used in toy cap guns. Since the powder was not a pure explosive,
the energy released from a particular weight was not the same in different tests

and varied considerably from test to test.

Two copper wires passed through two nylon screws were run to the explosive
nest from the sides. The wires tips in the cavity, inside the powder, were almost
at a touching distance. The other ends of the wires were connected to a high
voltage capacitor through a relay (Fig. 5.5). The capacitor and the relay were
mounted next te each other cn a plate fixed on the centrifuge arm near the
center axis. The relay was controlled remotely from the "control room” during
the test. Once it was closed, the capacitor discharged and an electrical spark

between the wires tips inside the cavity detonated the explosive powder.

5.2.2.2. Counterrotating Eccentric Mass Shaker
A miniature counterrotating mass shaker was designed and constructed in
the soll mechanics laboratory especially for steady-state forced vibration tests

in this study. Because of its small size, reasonable force amplitude output, and
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FIGURE 5.5: RELAY, CAPACITOR, AND THE TOWER

FIGURE 5.6: COMPONENTS OF THE AIR-DRIVEN SHAKER
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high value of frequency response, it is an ideal loading equipment for any

dynarmic test in centrifuge.

For a model test at 50g centrifugal acceleration, a shaking frequency ranging
from 0 to 15 Hz in a prototype requires a shaker capable of delivering forces at
frequencies up to 750 Hz (45000 RPM) in the model. Electromagnetic shakers
with constant amplitude force output require a very high current input at high
frequencies. In addition electromagnetic shakers or mechanical ones with elec-
tric moters usually superimpose an elsctrical noise on the output signal of
transducers hindering the data reduction process of data. To avoid the above-
.mentioned problems, compressed air was used as the source of energy to run
the shaker, thereby obtaining high amplitude force and a frequency response

free of noise.

The main part of the shaker is a three gear arrangement, two of them in
parallel and the third one fitting in the gap between them normal to their plane
of rotation. Two flywheels made from phenolic, a light and strong composite
material, are assembled on the parallel gears and have counterrotating motion
(Fig. 5.8). Compressed air flows with very high velocity from two nozzles on the
sides of the shaker pushing forward circular cups machined on the circumfer-
ence of one of the flywheels. Two light and transparent nylon tubes connect the
nozzles to the air supply. The eccentric masses are twe small screws in
threaded holes drilled across the thickness of the flywheels near the edge.
Screws of different lengths provide various eccentric masses to adjust the force
of vibration independently of the speed. The maximum frequency output of the
shaker in 50g centrifugal acceleration was about 45000 RPM and its output force
amplitude varied from very small values up to few pounds depending on the
amount of eccentric mass and speed of the shaker. Other properties of the
shaker are summarized in Table 5.1. The moment of inertia and position of the

center of gravity for the shaker were found experimentally (see Section 5.2.3).
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Table 5.1 Properties of the Air-Driven Shaker

Diameter | Height | Eccentricity | Height of | Weight | Mass Moment
Center of of Inertia,
_ Gravity
(in) (in) {in) (in) (1bf) (1b-in?)
1.73 1.38 0.74 0.87 0.23 0.08

Note: In above table mass moment of inertia is calculated with

respect to center of gravity of the shaker.

In the "control room” a flexible tube (T,, Fig. 5.7) is hooked at one end to the air
source (S, Fig. 5.7). At the other end the flexible tubing (T,) is connected to a
Norgren (No. 1100811B) pressure regulator and an Ashcroft (Amp 8317) pres-

sure gauge with 0.25 lb subdivisions.

From those instruments a second flexible tube (T2) goes through the wall to
the centrifuge room where it can be attached to a rotating union {Deublin 1595~
60) mounted on the top of the centrifuge enclosure at the center axis. Inside
the centrifuge container the rotating union outlet is connected to the shaker

using a thin transparent flexible tube (T'p, Fig. 5.7).

In order to control the frequency of the shaker a frequency counter (Heath-
kit digital frequency counter IM2410) is used. On top of the shaker there are six
silver strips of foil. Above the foil there is an LED which is always on, and a pho-
tocell. As each strip passes underneath the LED, the 1ED light is reflected to the
photocell. Therefore, the photocell receiving the LED light will send a small
increase of voltage to a comparator. Fach time the comparator receives a vol-
tage signal it sends a 5 V pulse through one of the slipring lines which is directly
connected to the frequency counter in the "control” room. The frequency

counter will count 8 units per revolution (there are 8 strips of foil) so dividing
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by 8, the number given by the frequency counter, the frequency of the shaker in

Hertz is obtained.

9.2.2.3 The Continuous Earthquake Generating Mechanism
5.2.2.3a The bucket frame und shaking system

A special mounting frame (Fig. 5.8) is used. On each side of it, there is one
row of four vertical cylindrical rods to support the test container, and at the
center of the rectangular base is located the hydraulic double chamber pisteon
with a servo-valve underneath it.

To suspend the soil container on its mounting frame the four horizental bars
on top of the container are screwed to the vertical rods of the mounting frame,
(see Fig. 5.9). This prevents all back and forth and up and down movements of
the bucket relative to its support, and permits only side to side movement. This
movement is caused by the double chamber hydraulic piston. A space is
reserved in the thick metallic base of the container to allow room for the piston.
Therefore all the piston movements will be reproduced by the bucket. Two rows
of four pinned beams connect the base of the container to the four horizontal
bars that are attached to the mounting frame so that the container moves
according to the piston displacement. A Moog control valve, subject to signals
from the MTS controller (see Section 5.2.2.3b) regulates the flow of hydraulic
Huid into the piston. In turn, the MTS controller is driven by the signal genera-
tor which may deliver a selected signal (sine square wave or pulse,random noise,
etc). With an adequate supply of hydraulic fluid, a continuous shaking from side

to side of the soil container is obtained.

The electro-hydraulic system that gives continuous controlled shaking of the
bucket, is constituted from the following parts:
The Haskell Engineering and Supply Co. Model DEN.PR5! purap which is

driven by a 10 hp motor and has a line capacity of 3000 psi at a maximurn rate
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FIGURE 5.8: THE SPECIAL MOUNTING FRAME OF THE
CONTINUOUS EARTHQUAKE GENERATING
MECHANISM

FIGURE 5.9: THE SOIL CONTAINER SUSPENDED
ON ITS MOUNTING FRAME
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of 5 gallons per minute. This pump supplies hydraulic pressure to the entire
system.

The flow capacity of the pump is not enough for the experiments. To start
the piston, a flow rate on the order of 1 gallonin 1/2 second is needed. So accu-
mulators which are pressurized reservoirs are used. They can deliver a few gal-
lons of hydraulic fluid very quickly.

Two small accumulators {(ZEMARC standard Bladder accumulators) of 1 gal-
lon each are fixed underneath the centrifuge arm inside the enclosure, (see Fig.
5.10). These two accumulators deliver the hydraulic fluid directly to the servo
valve and piston. They constitute a large reserveir of hydraulic fluid that can be
delivered to the servo valve very rapidly. In addition, the connecting lines from
accumulator to valve are very short, so that line flexibilily and dissipation are
minimized. A 5 gallon accumulator outside the centrifuge delivers oil to the
accumnulators inside the centrifuge through the rotating union (Deublin 1895-
100) mounted on the top of centrifuge enclosure. The ocutput {rom the small
accurnulators is directly connected to the servo valve and the piston. A second
line from servo valve returns the oil through the rotating union to the hydraulic

pump.

Immediately before starting the test the hydraulic pump is turned on to
precharge the accumulators to 3000 psi so they are full of hydraulic fluid ready
to go. Then, on command, the computer (Section 5.5.2) will give the signal to
start the {est. The servo valve receiving the signal opens the side connected to
(3 Fig. 5.11). That lowers the pressure and therefore the hydraulic fluid rushes
from the two accumulators o the servo valve, permitting a rapid response of

the piston to take place.

5.2.2.3b The Coniroller MTS 408

The controller is used to drive a serve valve in dynamic tests whether air or
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hydraulic fluid is used as medium.

In a test, the servo valfre is required to follow a certain displacement func-
tion. This function is the one that has to be generated for the electrical signal
applied to the servo valve.

An electrical analog signal generator {B&K Precision 3020 Sweep/Function
Generator} was used under the control of the computer to generate the signal.
The output of the signal generator is connected to the controller. A line with a
relay connects the signal generator to the controller. This relay is controlled by
the computer. When the computer program says "go" the relay is clesed and the
signal passes from the signal generator to the coniroller. When the computer
program says "stop” the relay is opened and the signal cannct pass any more.

The controller will send to the servo-valve the signal, given by the signal gen-
erator or the computer, through a slipring. The servo valve is supposed to open
and close according to this signal (voltage applied).

It is possible to have a feedback mechanism using a linear variable
differential transformer (LVDT) (Fig. 5.10). This tells the controller how the
valve is effectively moving, and if the displacement is not what it was supposed
to be, corrections can be made by the controller.

The MTS controller can receive any type of signal, sine wave, square wave,
symumetric or nonsymmetric wave, random noise (using a noise generator) etc.
Figure 5.12 depicts the test set up for generation of electrical input signal to the

controller.

5.2.3. Model Structures

Four rigid model towers were used in all the transient and steady-state
forced vibration tests. Two of the towers had rectangular cross sections, one a
solid piece of aluminium, and the other a hollow aluminum box. The hollow

tower was built from a piece of aluminum channel, with a front panel screwed to
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it. Two small plates were screwed to the top and the bottom of the tower. The
other two rigid towers were hollow cylinders machined from aluminum pipes Lo
the required diameter and wall thickness. The two ends of the cylinders were
covered with rigid cireular plates. Two very short towers {circular disks) were
also used in order to study sliding and vertical modes of vibration. In additien,
three more rigid hellow cylindrical alwminum towers, with linear dimensions in
the ratio of 1:2:3 (Fig. 5.13), were used in the "modelling of models’” tests, previ-

ously referred to in Chapters 1 and 2.

The values of the moment of inertia for the towers were determined experi-
mentally by hanging the towers from a bifilar suspension of known dimensions,
and measuring the natural frequency of rotation. The calculated values of
momment of inertia for the models were less than 1 per cent different from the
experimental values. The properties of the rigid towers are given in Table 5.2.
In this table to sach model tower an identification number is assigned for future

reference. Bases of different sizes and geometries could be fitted on to the
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Table 5.2 Physical Properties of the Towers

Tower Rectangular Cylindrical Towers

Shapes + Towers

Physical Tower | Tower | Tower | Tower | Tower | Tower | Tower | Tower Tower
Property {1} (2) 3 (4) (® (8) (7) | (Disk-8) | (Disk-9)
Height (in) 8.00 8.32 7.00 5.25 2.50 5.00 7.50 0.68 0.85
Diameter
(Length) 1.63 1.76 | 3.00 | 300 | 125 | 250 | 375 2.00 3.00
(in}
Wall
Thickness 1.00 0.78 Q.20 0.20 0.125 | 0.280 | 0.375
(Width} (in)
Height of
Center of 2.98 3.23 3.33 2.47 1.25 2.5 3.75 0.53 0.58
Gravity (in)
Weight (1bf) 0.98 0.41 1.49 1 1.20 0.13 1.00 3.490 0.38 1.36
Mass Moment
of [nertia 2.99 1.28 8.84 517 0.101 323 24.8 0.80 0.84
(b-in®)

Note:(l) The mass moment of inertia is calculated with respect to
the rocking rotational axis of tower, passing through the

center of gravily.
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towers 1 and 2 and extra mass could be screwed onto the tops of all models to
increase the mass and moment of inertia if required. The tower 2 was designed
such that by removing the front plate it was possible to add extra mass at any
arbitrary elevation thereby varying the moment of inertia without any change in
the total mass of the tower. In this way, a fairly extensive variation of the
important tower parameters could be undertaken, and these were chosen to
correspond approximately with typiéal scaled values from real structures,
although the structures themselves were modeled as being perfectly rigid. In

the case of tower 1 for each different footing extra masses were added to the

tower top keeping the ratio -\II-E constant (where M is the mass and 1 is the

momment of inertia of the tower). The reason for this will be discussed in Chapter
8. For the tower 2 it was possible to change the footings while keeping all other
parareters constant. Figure 5.14 shows the collection of all towers, masses, and
footings used in this study. Properties of the complete model structures, used
in each particular test, will be given in Chapter 6 "Test Procedure and Déta

Reduction’.

5.2.4. SOIL CONTAINERS
Essentially only two seil containers were needed for all the tests. However, in
the first group of tests two cylindrical vessels octher than the containers in the
rest of the experiments were used. The following buckets were used in the tests:
(A) Group ! tests, "Explosion Generated Free Oscillation”:

- Two cylindrical steel vessels: one B.5" high and 8" diameter, with 0.4"
wall thickness. The other 10" high and 15" diameter with 0.15" wall thickness
and fortified with two rings one near the top and other at the midheight.

(B) Group R tests, "Steady-State Forced Vibration':
- One eylindrical aluminum bucket with an horizontal upper ring, 12" high

and 12" diameter, and a 0.3" wall thickness.
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FIGURE 5,13: TOWERS IN “MODELLING OF MODELS"” TESTS

FIGURE 5.14: COLLECTION OF TOWERS, FOOTINGS AND
MASSES USED IN TESTS
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{C) Group 3 tests, "Transient Shaking of the Soil Container’:

- One rectangular container 22" x 7' x 10" with a front glass wall.
5.3. INSTRUMENTATION

5.3.1. Description of the Different Devices
Accelerometers

The accelerometers used in this investigation are Entran Devices Inc. Model
EGA-125F-500D miniature accelerometer. The accelerometers employ a fully
active Wheatstone Bridge consisting of semiconductor strain gages. The strain
gages are bonded to a simple cantilever beam which is end-loaded with a mass
{Fig. 5.15). Under acceleration, the force on the cantilever is created by the g
effect on the mass (P = ma). The accelerated mass creates a force which in turn
provides a bending moment to the beam. The moment creates a strain (pro-
portional to ihe acceleration) which results in a bridge unbalance. With an
applied voltage, this unbalance produces a millivolt deviation at the bridge out-
put, which is proportional to the acceleration.

A very atiractive feature of this type of accelerometer is its very small gize.
The entire unit {minus the leads) weighs only 0.02 oz. The accelerometer unit is
0.270" long by 0.145" wide by 0.105" high and is mounted on a 0.270" x 0.37" x
0.040" flange as shown in Figure 5.16. The bold-faced arrow indicates the sensi-
tive axis. The accelerometers are attached to a model with two 0-B0 hex screws.
The accelerometer has a range of 500g with a nominal sensitivity of about 0.5
mVY/g {(varies slightly from this with each particular unit), an input impedance
of about 1150 ohms, an output impedance of about 550 ohms, and a resonant
frequency of 3000 Hz. In addition, the unit is damped to 0.7 of critical using a
viscous fluid medium. This helps to eliminate resonance and allows a useful fre-

quency range of DC to 1000Hz. The excitation voltage is 15 v DC.
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FPressure Transducers

The pressure transducers are Entran Devices Inc. Model EPF-200-50 Flatline
Pressure Transducers. The transducer censists of a semiconductor strain gaged
circular diaphragm less than 0.2"” in diameter constructed of 17-4 PH stainless
steel. This is a piezo-resistive pressure transducer with a fully active semicon-
ductor bridge. Similarly, as with the accelerometer, a load on the diaphragm
will create a strain (proporticnal to the pressure) which results in a bridge
unbalance. With an applied voltage, this unbalance produces a millivelt devia-
tion at the bridge cutput, which is proportional to the pressure.

The transducer is very small (Fig. 5.17) and thin being only 0.040" thick. It
hag a range of 0 to 50 psis with a nominal sensitivity of about 1.5 mV/psi {varies
slightly from this with each particular unit), an input impedance of about 750
chms, an ocutput impedance of about 2560 ohms and a resonant of 50 KHz. The

excitation voltage is 8 VDC.

Stress measurements in scils have often proved to be unreliable or unrealis-
tic. Many factors affect pressure transducer measurements in soils, which
should be considered with care in order to minimize the measurement errors
(Weiler and Kulhawy, 1982). One of the important factors in the case of pressure
measurements on the structures in contact with soil, such as retaining walls,
shallow foundations, ete. is the extent of transducer protrusion from the strue-
ture surface. It is important to provide a housing for the transducer inside or
recessed into the base of the rnodel in order not te create perturbations of the
soll and disturb the stress fleld around the transducer. For the above reason
transducers Wefe placed inside housings recessed into the aluminum rigid
bases, flush with the suface. Figure 5.18 shows one of the footings with the

transducers mounted on its surface.

To study the complete dynamic/static pressure distributions cver the con-

tact area between the soil and the footing, 5 rigid circular disks with different
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patterns of transducer locations were built (Fig, 5.18). The footings were all 3
inches in diameter and 0.4 inch thick. They were mounted at the base of the
cylindrical tower 4 in different tests. Figure patterns A, B, and C of transducer
locations were designed to determine pressure vaﬁation with the angle ® around
the footing and the other two to measure the pressure variation along the foot-

ing diameter normal to the rotational axis of rocking vibration.

Displacement Transducers

The Position Sensing Detector PIN-SC/10D obtained from United Detector
Technology,Inc., was used in the tests. It is a dual axis position sensor that pro-
vides x and y axis information on the position of a light spot on the detector
surface. This device senses the centroid of the light spot and provides continu-
ous analog output as the light spot moves {rom the null point to the limit of the

active area.

5.3.2. The Circuitry

Ganeral Presentotion

As was seen in the description of the different instruments different excita-
tion voltages were needed. So several power supplies were used to provide input
voliage to the different instruments. During the tests these instruments took
appropriate measurements and transmitted the data they got via an electrical

signal called the "signal source”,

Efforts to minimize the electrical noise in transducers cutputs included the
installation of a signal amplifier mounted on the acceleration arm in order to
increase the signal to noise ratio as close to the signal source as possible. Com-
ing out of the amplifier the amplified signals pass through the sliprings to the
data acquisition system.

The signals were amplified with one LF3512 amplifier (Fig. 5.20). The
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amplifier had 16 channels with variable amplification factors. The displacement
transducer PIN-SC/10D and the frequency counter had their own amplifiers.
Output signals of the accelerometers, displacement transducers and pressure
transducers were suitably amplified and filtered to minimize the high frequency
noise inherent with centrifuge testing. The accelerometer circuit is shown in
Figure 5.21. The pressure transducer circuit is similar to that of the accelerom-

eter.

5.4. CALIBRATION OF TRANSDUCERS

All pre-test calibrations were normally carried out using the entire electronic
circuitry, ie. the calibration sighals were routed through the terminals,
amplifier channels, filters, sliprings and data acquisition and reduction systers,
which were used during the actual testing. Outputs of transducers were read on
the computer or directly on a voltmeter. All transducers are linear and there-
fore require, each, two calibration factors (slope, and intercept).” Tabie 5.3
presents the calibration factors, serial numbers, and classification labels used
for the transducers in this investigation.
Accelerorneters

They were placed with the sensitive axis facing downward on the floor of the
centrifuge bucket which is at a radius of 41 inches from the centrifuge axis.
Then by taking the centrifuge up to different accelerations 10, 20, 30g, etec., and

recording the different outputs the calibration factors can be determined.

Pressure Transducers

These transducers were placed on the bottom of the centrifuge bucket at a
radius of 41 inches from the centrifuge axis, and a layer of soil or water in a
plastic bag placed on top of them. Then the output for the centrifuge stationary

(lg) and spinning at 10, 20, 30g, etc was measured. The increase in g accelera-
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Tatle 5.3 Calibration Factors of Transducers

Transducer Serial Classification Slope Y-intercept
Type Number Label

Accelerometer | SN7EQE-E9-6 Al 0.549 -0.358
Accelerometer | SNB585-A6-3 A2 0.516 -0.925
Accelerometer | 2X1X-A8-3 A3 0.487 -0.768
Accelerometer | SNBJOJ-A3-1 Ad 0.514 -0.684
Pressure Cell | 2B8]8C7-D7-2 38! 1.58 0.0
Pressure Cell 12J9J-D5-3 P2 1.51 0.0
Pressure Cell 12J90-D4-2 P3 1.47 0.0
Pressure Cell 1218J-D3-1 P4 1.40 0.0
Displacement | PIN-SC/10D D1 033221073 | -0.11x 1072
Transducer

Displacement | PIN-SC/10D b2 0.337x 1072 | -0.13x 1072
Transducer

Note: In ebove table the Y-Intercept is in millivolt and the slopes of
the calibration lines for accelerometers, pressure and displacement

transducers are in units of mv/g, mv/psi, and in/mv, respectively.

tion to N g's causes an increase in the soil or water unit weight by N and thus an
increase in pressure, the pressure simply being the weight density of the soil or
water {at the particular acceleration level) times the height. The calibration
factors were determined using the resulting pressure-voltage curve.

Note that the calibration factor for a pressure transducer is best determined
from a water bag test. Use of this calibration factor when the transducer is in
contact with secil will give the pressure acting on the gauge. This pressure may
not be the pressure which would be present in the scil in the absence of the
gauge. The relative stiffness of gauge and scil is important in assessing the soil

pressure. In addition the real soil stresses during unloading cycles will generally
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be difficult to interpret from the gauge readings.

Displacement Transducers

They were mounted on a platform moving in both X and Y directions in a hor-
izontal plane. The output voltage from transducers versus the distance from a

stationary LED yields the calibration factors.

5.5. DATA ACQUISITION AND REDUCTION SYSTEMS

5.5.1.Data Acquisition

The analog sighals of the different instruments (pressure and displacement
transducers, accelerometers, etc.) were amplified, passed through the sliprings
and came out through coaxial cables in the "control reom”. There, they could
be recorded by the Honeywell Model 1858 CRT Visicorder (see Chap. 3), or by the
Analog to Digital Converter acquisition system (ADC), defined in detail in the
next section.

The ADC can accept inputs from 18 channels.

There are also 3 sets of switches to control the data recording conditions:

- 1st set to give the number of channels being sampled.

- 2nd set to give the number of kilobytes of information being stored.

- 3rd set to set the speed of the data sampling from 10 to 258 microseconds
between data samples.
There are several buttons and lights:

1) the fast-slow button

Fast position: it will take data as fast as possible up to 100 KHz for one chan-
nsl of data, Then it will send the data directly to the ADC’s own memory. In this
case the computer just says "go” and the data are acquired automatically.

The slow position: It doesn't matter what speed is set at the back, in this case

it is the computer program that determines the rate of acquisition of the data.
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Therefore it is up teo controlling program to access the data fast enough so data
are not lost.

Neormally the ADC is connected to the computer which controls, by the pro-
gram, the ADC.

The ADC acquires data in the range + 2V and in this range it will give a
number between 0 and 4095. {it is a 12 bit ADC) so

-2V corresponds to 0

OV corresponds {o 2048

2V corresponds to 4085

It can be seen that 1 mv corresponds approximately to 1 bit of information
so if the signal is very small, inferior to 1 mv, it is lost; no data will be acquired.
That is why an arnplifier is used for the signal coming cut from the transducer.

If a signal exceeds +2v, it will run out of scale.

55.2. Data Reduction

For the conirol of the data input and its reduction a Radio Shack TRSB80
Model T computer was used. The required software was designed to match the
characteristics of the available hardware. Details of the programs are not dis-

cussed here. The process of taking and storing data is:

At a special frequency in steady-state forced vibration tests or just before
starting a transient vibration test the controlling program commands the ADC
to take data. Then the program allows cne to take a part of the data of the ADC
and put it in the memory of the computer. Once data are in the computer's
mempory, computing or reducing the data according to the program is possible,
or they can be stored on a disk for later utilization. A speed-up moedule which is
an addition to the computer, speeds up the computer clock by a factor of 2.
This allows it to de all operations, except disk cperations, twice as fast. All the

data stored in the ADC can be extracted part by part, according to the size of
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the computer's available mermory. This is generally smaller than the one in the

ADC.
Because of the large body of data recorded in this study, the stored data on

the floppy disks were then transfered to a PRIMES00 mini-computer through the

RS232 data interface. In this way the speed of data reduction was increased

considerably.
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CHAPTER 8
TEST PROCEDURE AND DATA REDUCTION

8.1. GENERAL STEPS OF EXPERIMENT SET UP

In every test performed the following general procedure in preparing the
experiment was carried out.

To begin with, the soil container was mounted on the arm. For the test group
1 {the explosion-generated free oscillation) the rectangular bottom plates of the
cylindrical vessels were bolted to the magnesium platform at the active end of
the arm, where the experiment took place. The cylindrical bucket for the
second group of tests {steady-state forced vibration tests) was fixed in place by
four chains hooked to the bucket rim and bolted to the magnesium platform
(Fig. 6.1). In the case of the third test group (transient shaking of the soil con-
tainer) the magnesium platform had to be removed and substituted with the
special frame of the test bucket (see Chap. 5), and then the bucket was fixed on

the frame.

Dry Nevada Fine Sand was then placed in the centrifuge bucket to a predeter-
mined depth and density. For the medium to dense conditions applied in this
study the soil was compacted with a 2 lb weight in layers of one or two inch
thickness., The number of blows for the compaction of each layer was about 40
times, determined from the compaction tests performed on the soil. This way a

dry unit weight of about 103 to 108 pcf was obtained in different tests.

The next step was to balance the arm adding exactly the same weight present
at the active end of the arm, including the weight of the model and other equip-
ment, as a counterbalance, to the other end of the arm. Then the centrifuge
was brought up to speed and run at the g-level used in the test for about one
hour allowing the soil to settle and stabilize before setting up the model and

beginning the test, Depth of the scil was measured next and knowing the



FIGURE 6.1: A VIEW OF CENTRIFUGE ARM WITH CYLINDRICAL BUCKET
FOR TEST GROUP 2
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volume and the weight of the soil in the container, the soil density was deter-
mined. The soil densities and depths for each group of tests are given in the

nexi section.

The soil surface was leveled and smoothed especially at the center where the
footing was to be located. Next, the model structure with appropriate parame-
ters, and transducers required for each sﬁpecial test was securely placed on the
sand (see Fig. 8.5). The tower was checked carefully to be level by placing a
miniature leveling bubble on the footing and on the tower top. In the tests with
embedded foundation, after locating the tower on the soil surface, more sand
was placed around the tower and was compacted carefully to the required den-
sity and depth of embedment. Figure 8.2 shows tower 4 pia_ced in the sand at
different depths of embedment, prepared for a steady-state forced vibration

test.

In all the tests transducer readings were recorded at the following stages of

the experiment:
(i) At 1g acceleration level before and after starting the test

(ii) At the acceleration level predetermined for the main test, just before

and after the shaking, and during the dynamic test.

(iii) At some other intermediate acceleration values before and after the
dynamic test

In this way any change in the offset of the transducer ocutputs was detected to

help in controlling the test process, and in determining the statie contact pres-

sures undernieath the footing and the permanent displacements of the tower
because of tilting and/or slipping on the sand surface.
Some other features common to all the tests were:

(1) In order to stmulate more closely the contact conditions between the

footing and the soil, sand was glued to the foolting surface resulting in an
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{a) dg=0

d,: DEPTH OF EMBEDMENT
R: FOOTING RADIUS

(b) dg = R/2

FIGURE 6.2: MODEL TOWER EMBEDDED AT DIFFERENT
DEPTHS IN SAND
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FIGURE 6.2: (CONTINUED)
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increase in contact friction.

(2) The required centrifugal acceleration for the test was calculated from
the centrifuge rotational speed and the distance from the axis of rotation to the
soil surface plus radius of the model footing. Therefore, properties of the soil,
affected by the confining pressure were exactly scaled to the required prototype
values at a depth equal to the footing radius. The reason for this choice of the

arm distance will be discussed in Chapter 7.

Using different sizes of soil buckets in these experiments, brings up the ques-
tion regarding the effect of soil container boundaries on the dynamic behavior
of the foundation-soil system. Ratio of the width or diameter of the smallest
bucket over the diameter of the largest footing was equal to 2 and the diameter
of largest bucket was B times larger than the smallest footing size. Only a few
tests with the similar models and seoil conditions were performed in the different
buckets which will be discussed later. The procedure in running each dynamic
test was different depending on the type of the loading. The next section of this

chapter will amplify each special test method used.

8.2. SPECIAL TESTING METHODS

B.2.1. Explosion Generated Free Oscillation Tests

After the tower was primed with a few grains of explosive, and placed on the
sand, the capacitor was charged while the relay was open, and the copper wires
coming out from the explosive nest were connected to the capacitor through the
relay. Next the package was spun up to speed toc a predetermined centrifugal
acceleration and then by closing the relay the explosive was detonated. Traces
of the subsequent vibration of the tower were recorded, from which the fre-
quency of osciliation and damping ratic at that modelling scale could be meas-

ured.
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Experiments were performed on rmodels constituted from the rigid solid rec-
tangular tower (tower 1) and different rigid circular footings as the base of rec-
tangular tower. Table 6.1 summarizes properties of the meodels 1 and 1T {solid
tower with different size circular footings and added masses at top) and other

pertinent test information.

Note that for the Model [ the air-driven shaker was attached at the top (Fig.
6.3), so that the free oscillation test results could be compared directly with the
results of steady-state forced vibration tests. Because of difficulties in working
with explosives the tests were not carried on for all the model towers with
different possible parameters. Many problems were faced in using the cap gun
powder as an explogive. The energy released from the powder was very small
and variable from test to test. Moreover, closure of the relay, and the subse-
quent electrical spark, produced a high frequency and large amplitude electrical
noise which rendered some problems in data reduction. Therefore, these tests
were performed as a limited effort aimed at studying some critical aspects of
the vibration of rigid structures, such as detecting lift-off of the foundation, by

measuring the contact pressure near the edge of the base.

Usually two accelerometers and one pressure transducer were used in the
tests. Accelerometer Al was placed near the tower top, at 5.75 inches elevation
from the footing surface, measuring horizontal acceleration associated with the
rocking-sliding motion of the tower. The other accelerometer (A2) was located
on the footing surface, at the edge, measuring vertical acceleration during rock-
ing. The pressure transducer (Pl) was located underneath the footing, at the
edge, exactly at the point below accelerometer A2. The output of transducers
after amplifying and passing through the sliprings was recorded on the

Visicorder at a rate of 50 to 100 in/sec depending on the particular test.

A small arnplitude oscillation was observed in the tower before and after the
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Table 8.1 Properties of the Models in Group 1 of Tests

Test  Weight  Mass Height Mass -\;—-ﬁ— Footing g ]
b
Number W  Moment of of Center Moment (lb™/®—in~%) Diameter Level
{1b) Inertia  of Gravity of Inertia D
lee. heg w.r.t. Base (in)
(Ib-in®) (in) Iy (Ib—in®)
1,2,3 1.413 B.29 3.54 28.0 45,72 x 1072 3.0 89.5
4586  1.13 4.58 3.03 1495 71.10x107% 20 63.0

FIG. 8.3 THE TOWER AND SOIL CONTAINER IN TEST GROUP 1
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explosion during spinning the centrifuge. An initial guess suggested that the
tower was oscillating in response to random gusting and air turbulence inside
the centrifuge chamber. Therefore, it was expected that the tower would oscil-
late at its natural frequency and that the frequency would vary as the centri-
fuge speed changed {Morris, 1981). However, this was not the case since the fre-
gquency of oscillation remained unchanged above 30g centrifugal acceleration.
In order to discover the source of the vibration, the tower was placed on the
sand, prepared in the B inch diameter steel bucket (see Section 5.2.4), and then
the bucket and the tower were covered by a plastic container shielding the whole
test set up from the wind. The centrifuge arm was also instrumented to detect
any vibration in the arm. Afier spinning the centrifuge the following facts were
observed:

1) The tower oscillation even after the test set up was isolated from air flow
in the centrifuge chamber did not disappear; thus, it could not be a wind-
induced vibration.

2) The ratio of the top horizontal acceleration to the vertical acceleration of
the footing edge was the same as the ratio between the tower height and the
footing radius, thereby proving that the tower was in fact oscillating (in the
rbcking mode) and the observed signal was not an electrical noise.

3) A similar oscillation with very small amplitude was detected in the centri-
fuge arm, which also did not change in frequency above 30g centrifugal
acceleration,

4) The frequency of oscillation increased linearly with the increase of centri-
fuge speed; i.e. it changed as the square root of the g-level below the 30g
acceleration limit (Fig. 6.4).

it was concluded that the probable source of the oscillation was the centri-
fuge motor which was located underneath the centrifuge chamber and hanging

from if.
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8.2.2. Steady-State Forced Vibration Tests Using Air-Driven Shaker

These tests constitute the main body of the experiments in this investigation.
Almost all the tests were performed to study the rocking-sliding mode of vibra-
tion, where the rocking oscillation was the major component of the motion. The
effect of different foundation-soil parameters on the dynamic behavior of the
rigid towers was studied by varying one particular parameter in each test series,
while the others were left unchanged. These parameters included: (1) soil depth
(dg): (2) footing shape and size (D); (3) centrifugal acceleration (g-level) whose
variation implies the modelling of similar prototype structures of different
dimensions; (4) force level of the shaker which varies with change of the eccen-

tric weight, w,, in shaker; (5) moment of inertia of the model structure (0, (8)
the ratic ‘;—M— (see Chap. 8): (7) Depth of embedment (d,). Table 8.2 summarizes
model and soil properties in each of the above parametric studies.

In addition more experiments were performed to study:
(i) Static and dynamic pressure distributions over the contact area
(ii) Vertical mode of vibration of a rigid footing

(iii) Rocking-sliding mode of vibration with emphasis on sliding motion of
the model

After the sand was prepared in the bucket, the tower with the air-driven
shaker {the counterrotating mass shaker) and the transducers, was placed on
the soil surface, For rocking vibration of the tower the shaker was mounted on
the top (see Fig. 6.3) and for sliding vibration it was mounted inside a hollow
cylindrical tower (Lower 4) on the base. Usually 2 to 3 accelerometers, 1 to 4
pressure transducers, and 1 displacement transducer, measuring x and y dis-
placement components, were used to describe the complete dynamic behavior of
the tower. Figure 8.5 shows a view of the centrifuge arm, transducers, amplifier,

and a model structure (tower 1), with the air-driven shaker mounted on its top,
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I

M/

Soil-Seructure Test Number Tower Number W 5 hC.G. b 9 B h_ D ds we 4
Parameters (1bf) { (1b-—in") (in) |(Ab-1n ) {17 E -4n"%) (in) (in) {(1b)x10”
) Section
1,2,3,4,5 2 0.97 9,13 3,60 21.70 0.045 3.0 7.2.2 0.84
Sol11l Depth Section
25,26,27,28,29 3 1.75 14,32 4.0 42,37 0.031 3.0 7.2.2 1.14
Section Section | Section | Section Seccion
" 10,11,12 1 7.2.3 7.2.3 7.2.3 7.2.3 0,041 7.2.3 8.0 0.84
N N
a % Section |Section Section
2 u 5,6,7 2 0,97 7.2.3 7.2.3 21,7 0,045 7.2.3 8.0 0.84
a o
g © 2 Section
y 41,43,44 {(with added mass)| 1.85 11.08 3.75 37.10 0.036 7.2.3 8.0 1.14
wm
g 2 Section
" Square 40,42,45 (with added mass)| 1.85 11.08 3,75 37,10 0,036 7.2.3 8.0 1.14
a
[
Rectan~ 2 Section
gular| 46,47,48 (with added mass)j 1.85 11.08 3.75 37.10 0.036 7.2.3 8.0 1.14
4
g - Level 36,37,38,39 (with added mass)}| 2.13 10.87 2.34 22,56 0,065 3.0 8.0 1.14
2 Section
44,50,51,52,53 |(with added mass)| 1,85 11,08 3,75 37.50 0.036 2.5 8.0 1.2.5
Eccentric
Mass
of Shaker ) 4 Secrion
31,55,56,57 (with added mass)| 1.75 9.08 2.75 22,31 0.059 3.0 8.0 7.2.5
Section Section | Section | Section| Section
Ib 29,31,62 7.2,6 1,75 7.2.6 7.2.6 7.2.6 7.2.6 3.0 8.0 1.14
Sectlon Section Section | Section | Section| Section
M/ Ib 29,30,31,41 7.2.7 7.2.7 7.2.7 7.2.7 7.2.7 7.2.7 1.0 8.0 1.14
Depth of Section
Embedment 64,65,66,67 4 1.47 7.85 3,10 22.0 0.055 3.0 7.2.8 2.5
Table 6.2, Soll-Foundation Parameters in Steady-State Vibration Tests
Note: 1In all the experiments, model foundarions were placed on soil

except for the tests 64 to 67 where foundation was embedded

at different depths in soil (see Chapter 7). Centrifugal

acceleration was 50 g except for tests 36 to 39,

~£9T-
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FIGURE 6.5: TOWER WITH THE AIR SHAKER AND
TRANSDUCERS PLACED ON SAND
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placed on the soil surface.

The LED for the displacement transducer and the one for the shaker fre-
quency counter were both mounted on a light plastic bar fixed on the top of the
shaker (see Fig. 5.7). The displacement transducer was mounted above the
shaker looking down at the LED to measure horizontal components of the tower
motion in rocking and/or sliding mode. For the vertical mode the shaker and
the displacement transducer were mounted on the footing surface on a special
frame designed to deliver vertical load to the footing (Fig. 6.8). Accelerometers
were placed at the {ooting edge, at the top and at the midheight of the tower.
For a single footing model only one accelerometer was placed on the footing sur-
face, measuring horizontal or vertical acceleration of motion, depending on the
mode of vibration. Pressure transducers were mounted according to the pat-
terns shown in Chapter 5, Figure 5.19. Positions of transducers, associated
channel number of the recording system for each transducer, and other per-

tinent information related to the tests are summarized in Table 8.3.

After the air tubes going to the shaker sides were connected to the air source
through the rotating union, the centrifuge was spun up to the required accelera-
tion. To start the test the air source was opened and pressure increased gradu-
ally. The higher the pressure the faster the shaker went (up to 45,000 RPM -
750Hz). The shaking machine was run through a range of frequencies while the
tower moticns were observed on an oscilloscope and at the same time were
recorded at different frequencies of the oscillation. The signals were recorded
by the data acquisition system (ADC) which converted the analog transducer
outputs to digital signals and stored them in the random access memeory. The
stored data in ADC was then accessed by the TRS80 computer and stored on

disks.

Around resonance some difliculties in controlling the shaking frequency were



Test Tower Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 8 Channel ¢ Channel 8
No. No. TRAN ] AMP | TRAN ] AMP | TRAN 8 AMP | TRAN 8 AMP | TRAN 8 AMP |TRAN 8 AMP | TRAN 8 AMP | TRAN 8 AMP
{in) (in) (in) {in}) (in} (im) (in) (in)
1to5 2 A2 646 60 | A3 840 100] As 02 100 | P1 00 60 | P2 o050 60 | P3 10 50 | P4 14 50
B 2 A3 00+ 100 | P1 0.0 60 ] P2 050 &0 [P3 080 50
A2 648 60 A4 020 100 Dt 81 10 D2 g1 10
7 2 Pi 00 50 | P2 o040 50| P3 o080 50 | P4 L1E 60
10 1 +0.44 0.44 -0.90 +0.80 828 8.80 027 D2 890
11 1 Py +056 0 ) P2 058 10} Py -116 80 | P+ +115 B0} A2 811 50 | D1 898 10 | A3 303 100] D2 B88 10
12 1 +1.0 +0.60 -1.40 +1.40 5.97 8.97 2.86
18 1 8.08 8.68 8.11 6.11 9.03
20 i D1 8,96 10 D3 8.9 10 | A2 6,11 50 A3 6,11 120] A4 3.03 120 | P3 0.0 10
21 1 8.90 8.80 6.28 8.26 8.17
25 3 A3 8B8 50
26, 27 3
28 3 P1 4075 10 | P2 07 10 |[P3 -140 10 [P+ +140 10 | A3 888 50 DI 938 10 |DR 838 10
20 3 A4 B8BB 50
30, 31 4 Pl +07 10 | P2 07 10| P3 -t40 10 | P4 4140 10| A3 512 50 |D1 763 10 | D2 783 10
38tod0| 4 Pi +075 10 | P2 0w 10| P3 +140 10 | P4 140 10| A3 612 50 {D1 783 10 | D2 783 10
40todb| 2 D1 8.1 10 ] D2 2.1 10 { A3 648 50
49 2 A3 646 50 | A4 3.40 100
50te53| 2 m 2.1 10 | bz 9.1 10| A3 848 50 | A4 340 100
54 4 A3 512 50 | A4 285 100
55l 57) 4 DI 763 10| D2 783 10| A3 512 50 | A4 286 100
59 8 D1 183 10 | D2 183 10
60 4 DI 8237 10} D2 52Y 10| PI +140 50 | P2 -140 50| P3 -075 60 |P4 4075 50 |A4 512 100 | 43 286 100
61 ] Py 00 50| P2 04v 50| P83 083 50 | Pa 140 50
62 1 A4 811l B0 ) A2 300 100 D1 8ve 10 | D2 878 10
63 3 A4 888 50| Az 850 100
Bato 7| 2 A4 512 60 | Az 286 100 D1 Y83 10 | D2 763 10| Pl 00 10 [P2 04Y 10 | P3 083 w00 | P4 140 10
Table 6.3. Transducers Positions, Recording Channel Numbers, and Amplification Factors in Steady State

Vibration Tests

—9vi-
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Table 6.3, Continued

%  Accelerometer was placed on soil surface about 5.0 inches

from the footing center.

*% Pressure Transducers were mounted according to pattern C

(see Chapter 5).

Note: In above table "TRAN" stands for transducer, and "AMP" for
amplification. "s" is the elevation of accelerometer on tower or
radial distance of the pressure transducer from the footing center,
Negative radial distance means that transducers were located on both

sides of the rocking rotational axis.
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FIGURE 6.6: SHAKER ON A FOOTING FOR VERTICAL
VIBRATION TEST

FIGURE 6.7: TOWER PLACED ON SAND IN TRANSIENT
SHAKING OF THE SOIL CONTAINER



~149-

observed; these are explained as:

- fnteraction between the motion of the shaker und the model tower:

If the motion of tower is small compared to the eccentricity (r) of the counter-
rotating masses m, then the motion of m can be taken as circular, and the
acceleration of the tower center of mass in direction of tower motion is
r o sin wt (where w 1s the angular velocity of the mass m). There is thus an
exciting force mr o? sin wt acting on the tower producing the rocking-sliding
motion of the tower in the direction of the force. If the tower motion is not
small {near resonance) then mass m under the influence of tower acceleration
cannot apply a horizontal harmonic force on the tower. In order for the shaker
to pass the resonant frequency of the tower a large amount of energy should be
input to it which forces the tower to vibrate with the frequency of the shaker,
Once this happens the shaker frequency increases very quickly and the ampli-
tude of the tower Imotion decreases considerably.

- Nonlinear behavior of the soil-siructure system.

Under applied Icads soil behaves nonlinearly, and inelastically. In machine
foundations and relalively small amplitude dynamic lcading of foundations,
nonlinear reversible soil models with hysteretic damping are used if the per-
manent deformations can be assumed negligible. The response spectra {ampli-
tude versus frequency curve) for the behavior of a nonlinear material obeying
Duffing's equation {Timoshenko, Young, and Weaver 1974), represent mathemati-
cal modeis of the drop-jump phenomenon cbserved in experiments upon non-
linear mechanical systems subjected to harmonic forcing functions. This
phenomenon was observed during some of the tests on dynamic behavior of the
rigid towers, which did not allow aitaining the actual maximum amplitude of the
tower motion at resonance. Therefore, acquiring data for a complete response
curve of the tower especially around resonance requires a discontinuocus varia-
tion of forcing {requency, such as increasing frequency gradually from a low
value and then decreasing it from a high valiie above the critical frequency
where the drop-jump phencmencn happens.

8.2.3. Transient Shaking of the Scil Container
Once the sand was prepared in the bucket and the model tower with trans-
ducers attached to it placed on the soil (Fig. 6.7), the centrifuge was brought up

to the speed required for the test. A computer program was then loaded on

TR3S80 computer which listed the test procedure step by step in the following

order:

(1) Turn on the MTS controller, and the noise or the signal generator.

(R) Start charging the accumulators up to 3000 psi oil pressure depending
on the g-level for the test, soil weight, and the intensity of shaking
desired.

(3) Choose the time length for the input transient signal for the desired

duration of shaking of the soil container,

When ready for the test, a cormmand by the computer starts acquiring data and
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then immediately the test starts. The computer controls a relay between the
signal generator and MTS controller. Cnce the relay is closed, the signal passes
from signal generator to the controller and the test starts. After the time inter-

val chosen in step 3 is passed, computer 6pens the relay and the shaking stops.

"Modelling of models" tests were also performed with the hydraulic shaking
system. In these tests a random voltage of very short duration compared with
the period of the tower oscillation was input to the controller which forced the
bucket to shake for a while and then stop in a short time. Subsequent free
oscillation of the tower was recorded on the Visicorder. The models were tested
in three different g levels in the ratio of their length dimensions, ie., 1:2:3.
Medeis 5, 6, and 7 were used for "modelling of models” tests. Table 6.4 presents
the physical properties and other test information related to this group of tests.
Usually only accelerometers were used in these tests to measure the horizontal
acceleration of the tower and of the soil. The accelerometer in the soil was
placed on the rigid floor of the bucket with no soil in it and then soil was placed

cn the floor to the required depth.

6.3. DATA REDUCTION
Depending on the type of recording equipment used, ie. the Visicorder ana-
log recorder or the ADC and TRS80 computer the following steps in reducing the
data were undertaken:
(A) The Visicorder
(I) For the free oscillation tests if the frequency content of the signal
could not be determined visually and measured by hand, the record was digi-
tized on a Benson-Lehner 089D data reducer unit. The procedure for digitizing
is described elsewhere (Ortiz, 1982).
(II) The results from the tests were obtained by processing the digitized

data with the FORTRAN program DATA. The program was run on a VAX-11/780
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Table 8.4. Physical Properties of Models end Other Test Information

(Transient Shaking of Soil Container)

Test W ha, a e, Footing Diameter | Soil Depth
Number | Tower | (1bf) (in) (in) g-lavel
() | (b-in®)
See Table 8.1
1 1 2.00 2 50
Tests4 to 8

See Tables 8.2 &£7.2
2,3 2 2.00 2 50
Test. 8

See Table 8.2

4 3 3.00 8 50
Tests 25 to 29
See Table 8.2
5 4 3.00 8 50
Tests 84 to 87
8 5 0.132 | 1.280 0.105 1.25 7 52.5
7 8 1.080 | 2.550 3.370 2.50 7 28.3
8 7 3.570 | 3.840 | 25.440 3.75 7 175
Note: In above tests listed in the table soil dry unit weight

wes about 105.5 pef.
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Computer System. The inputs to the program are the digitized data peints and
other experimental data such as, centrifuge speed, distance from centrifuge
axis to a soil depth equal to radius of the footing below the model base,
geometrical properties of the model, calibration factors, etc. The program then

performs the following steps:

(1) The raw digitized data are checked for any decreasing time value which
should be excluded from the data points.

(®) All the traces are corrected for base line rotation and translation.

(3) The data are scaled to prototype dimensions using calibration factors.

(4) The data are then plotted and printed.

(5) Fourier spectra of the data are derived, smoothed, and plotted,

(B) The ADC and TRS80 Computer
Some preliminary data processing was usually done during the tests
whenever possible as a check for quality of the data recorded. This included
displaying the data on the computer screen and plotting them on a Hewlett-
Packard X-Y plotter.

The subsequent data reduction was partially performed on the TR380 com-
puter, but because of the large volume of data a more efficient data storage and
file organization procedure was needed. In addition reducing such a great
amount of data required a much faster computer system. Therefore data were
transferred o a PRIMES00 mini-computer using the special FORTRAN routines
TRANSFER and MAGTRAN written for TR380 and PRIMES00 computer respec-
tively.

The following steps in data reduction were carried on:

(I) Transient Data: They were printed, plotted, and if necessary, their Fourier
transforms were calculated.

(II) Steady-State Forced Vibration Data: The procedure for reducing these

data included:
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(1) The data for each test, for all the channels and frequencies were plotted
first. Using test information input to the plotting program, the time dimensions
of the data were scaled te prototype values and the time length of each record
was plotted to the right of the signal trace. In this way frequencies of oscillation
could be caculated by hand and compared with the frequency values registered
from the frequency counter during the test. Appendix B includes the plotted
output for a typical test. The abbreviated name shown to the left of each plot is
the computer filename under which the data were stored. The letters and the
numbers in each name have special meanings. For example the name
"T10F1C2" means test 10, frequency 1 (the first frequency at which data were
taken), channel 2; and "T1110C5" stands for test 11, frequency 10, channel 5;
ete.

(2) If some of the signals were very noisy after plotting the data they were
filtered using a low and high pass digital filter called "modified Ohmsby filter”
(Beck, 1983), and then the filtered data were stored and plotted again. Before
filtering, a Fourier transform analysis of the data determined the frequency lirn-
its for the low and high pass filters. Mainly signals were contaminated by high
frequency noise which is a characteristic of centrifuge testing.

(3) The raw data were sine-fitted for the best sine wave fitting the data
points in a least square sense. A program called "SINEFIT" was written in For-
tran and run on both TRSBO and PRIMES00 computers. Input to the program
included time spacings between the digitized data points and the frequency of
each signal in protoype scale. The output of the sine fit included the average
value of the data, the amplitude, and the phase of the sine wave.

(4) A plotting routine was then used to plot the raw amplitudes (derived
from the sine fits) of the signals for all the channels of data against frequencies

of oscillation (in prototype scale), repeated for all the tests.
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CHAPTER 7
EXPERIMENTAL RESULTS

This chapter presents the experimental results obtained in different groups
of tests on the model towers in the centrifuge. The main volume of data and
derived experimental results are related to steady-state vibration tests studying
the effect of different soil-footing parameters on the dynamiec characteristics of
the model structure. The first section describes the transient vibration tests
with explosion-induced excitation. In Section 7.2. results of the steady-state
vibration tests and the parametric studies are presented and discussed. Tran-
sient passive excitation of the moedel towers produced by shaking the whole
bucket, is reported in Section 7.3. Comparisons between some of the results
obtained on similar models under approximately comparable soil conditions in
transient vibration tests and steady-state shaking tests are given in this
chapter. Different physical phenomena observed during the tests such as: lift-
off of foundation, yielding of the soil underneath the footing and subsequent set-
tlement and tilting of the tower, variation of contact pressure distribution dur-
ing vibration, etc. are explained and clarified. The results are summarized in

tables and plots representing the data and are discussed in each case.

7.1. EXPLOSION - GENERATED FREE OSCILIATION

As was mentioned in chapter 6 these experiments were performed on the
rigid solid rectangular tower with two different size circular foundations resting
on the soil surface. Tower oscillation in the tests was usually short in duration
and very small in amplitude. Extra amounts of explosive to deliver longer vibra-
tion tirmnes with higher amplitudes caused new problems in data processing
because of extreme electrical and high frequency mechanical noise superim-

posed on the main signai. Natural frequency of tower oscillation was measured
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by counting the number of cycles and dividing it by the time length of the
record. Damping ratio was found by calculating the logarithmic decrement of
the oscillation (see Chap. 3). The frequency of oscillation measured by hand is
not precise enough because of the few number of large amplitude cycles and the

noise contamination in the signal.

Fourier analysis of the digitized data proved to be very helpful in determining
the exact free oscillation frequency of the tewer and the overall frequency con-
tent of the signals. Because of the above-rmentioned noise in the signals, and the
short duration of tower oscillation, on each model three experiments under
comparatively similar conditions were performed to check the reliablity of the
repeating pattern of the results. Tests 1, 2, and 3 were performed on the tower
with the 3 inch diameter footing and extra attachments on the tower top (model
"1 in this group of tests, see Table 8.1). The air-driven shaker used in steady-
state vibration tests was mounted on the tower top so that a comparison
between dynamic properties of the tower, derived from transient and steady-
state vibration tests was possible. Figures 7.1 and 7.2 present the time history
and the Fourier spectrum of the recorded acceleration at the tower top for tests
1, 2, and 3. The meodelling laws have been used to convert all values into
equivalent prototype values. Therefore all the frequencies, time values, and
force or displacement amplitudes are in protolype scale in the tables and plets
presented for the data. Results of the tests on model 11 (tower and the 2 inch
diameter footing with no attachment, Table 6.1) are presented in Figures 7.3
and 7.4 for test 4, Figures 7.5 and 7.8 for test 5, and Figures 7.7 and 7.8 for test
6. In these tests a pressure transducer was also mounted on the footing sur-
face, at the edge, to detect any lift off and to obtain cleaner and more readable
records of data because of the high frequency filtering property of pressure

transducers. Note that the pressure-time history plots in Figures 7.3 to 7.8 do
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not include static {steady-state) component of pressure and only excess
dynamic pressure component is plotted. However, it was observed that static
component of the contact pressure changed very littie during the dynamic tests.
This means that the supporting soil did not yield and consequently permanent
deformations did not eccur. The average value of free oscillation frequency and
damping ratio for the three tests on Model I (Tests 1, 2, and 3) are 2.45 Hz and
5% respectively. The frequency and damping values for the Model II are 2.0 Hz

and 5%,
Several interesting aspects of these resuits are described here:

{1) As is seen from all figures cited above, maximum acceleration ampli-
tude is very small {(about 0.05g) which probabely means a more or less
linear reversible behavicer of the soil under the small strains developed.
The pressure signal (Fig's. 7.3, 7.4, and 7.5) is smooth and continuous
which suggests there has been no separation between footing and soil
even at the edge during rocking. Therefore, in these tests existence of
full contact between footing and soil during test iz consistent with

theoretical models which assume rigid contact during oscillation.

(2) Tests 1, 2, and 3 on Model 1 give approximately a comparabie value for
the free oscillation frequency of the tower. Similarly tests 4 and 5 yield
very close values for the frequency of oscillation of the Model II. How-
ever a considerable reduction in free vibration frequency of the tower is
observed in test 8 compared with the results derived in tests 4 and 5.
The reason for this discrepancy can be explained by comparing the
amplitude of acceleration at the tower top. Acceleration amplitude in
test & is more than twice the value observed in the other tests, thus the

foundation soil wiil behave in a more nonlinear and inelastic fashion
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and because of the softening and large amplitude oscillations the tower

resonant frequency decreases considerably. In addition note that the pressure

amplitude at the edge of footing-seil contact area is about 4 times the pressure

developed in test 4 and 25 times the pressure in test 5. The considerable

increase of contact pressure might have been resulted partially because of tilt-

ing of the model structure toward the side pressure transducer was mounted.

(3)

Model 11 which has smaller footing, has a lower natural frequency than
model 1. Therefore, overall increase in the size of foundation of the
structure will result in an increase in frequency of fundamental mode

of vibration.

Time domain records for the vertical acceleration signal of the footing
edge (Fig's. 7.3, 7.5 and 7.7) do not show a significant amplitude.
Fourier spectra for these signals (Fig's. 7.4, 7.6, and 7.8) show peaks at
other frequencies higher than the fundamental rocking frequency of
vibration. I is suspected that these higher frequency peaks are gen-
erated by vertical oscillations of the tower, which may have been ori-
ginated at the very start of the explosion, and by reflections of the
energy waves from the bucket boundaries. The dominant higher fre-

quency peak observed in all the Fourier spectra plots is about 11.0 Hz.

In some of the Fourier spectra plots a third peak at a frequency about
1.75 Hz (120.0 Hz model scale) exists which is produced by the spurious
mechanical vibration of the centrifuge arm explained in detail in

Chapter 8.
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7.2. STEADY - STATE FORCED VIBRATION TESTS

Forced vibration experiments were conducted to determine the natural fre-
quencies and damping ratios of the excitable modes in the soil-structure system
and to derive response amplitude curves of the rigid model structure, describing
the significant dynamic characteristics of the system. A thorough determina-
tion of dynamic properties of the system at the fundamental resonant fre-
guency in the principal test direction {direction of applied horizontal load on
top of the tower) was made. These tests were conducted to study effect of
different parameters of the soil-structure system on the dynamic behavior of
the rigid towers and foundations listed previcusly in Table 8.2, The results of
these tests will be presented and discussed in the following sﬁbsections, Before
introducing the test data and the related results basic steps in analysis and

methodology of their presentation will be discussed in the next section.

7.2.1 Presentation and Analysis Method of the Resuits

The experimental results were derived by plotting and sine-fitting the data
which produced the amplitude and the phase information of each transducer
signal over the entire range of frequencies sampled during each test. The
derived amplitude data were plotted versus frequency of oscillation for all the
signals, With an average of 5 transducers used in each test and about 70 tests
performed, a total of 35C respense curves was derived. The reason for plotting
response curves for all transducers was to provide enough information for the
difficult process involved in the interpretation of the data, which resulted from
nonlinear inelastic behavior of the soil-structure system. Because of the large
volume of the data, among these response curves, only the ones for studying the

effects of embedment of the foundation, change of the eccentric mass of the
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shaker, and some other ones containing particularly interesting information
such as nonlinear and inelastic behavior of the foundation-soil systern. and
pressure distribution variation with frequency and amplitude of vibration are
presented here. The complete set of response curves for the typical data
recorded in a test {e.g. Test 64, Appendix B) is presented in Figures 7.9 to 7.16.
These plots include two acceleration, two displacement, and four pressure
response amplitudes. Figures 7.11 and 7.12 show the response amplitudes of
the displacement transducers mounted on the top of the tower in the main
direction (parallel to the tower rocking-sliding motion, channel 3, transducer
D1) and in the direction normal to the main (channel 4, transducer D2). Mainly
displacement response curves were used in determination of rescnant frequency
and damping characteristics of the models in different tests. However, other
transducer data were also analyzed for frequency and damping properties to

verify the derived test results.

The y-axis of the plots is expressed in terms of disblacement, pressure, or
acceleration amplitude per frequency squared. However, frequency squared
shows the force generated by an eccentric mass shaker having a unit "mass
times eccentric distance” factor in any arbitrary units. Therefore the y-axis
shows the amplitude per unit force of an imaginary shaker of unit mass-times-
eccentricity product. The response curve for any other eccentric mass is just
derived by scaling the plot by a constant facter. This is only appreoximately true
because of the more nonlinear behavior of the system as the eccentric mass in

the shaker is increased. In these plots the unit for the vertical axis labeled as

B 2

"Amplitude / Force” is in "in-sec*” for displacement data; "psi-sec®"’ for pressure

signals; and "g-sec®’ in case of accelerations.

Natural frequency and damping properties can be derived approximately

from the response curves by locating the position of peak amplitude and
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measuring band width of the curve at an amplitude equal to 0.707 of resonant
amplitude (see Chapter 3). However because of some common anomalies and
scatter in the experimental response amplitude data points this simple method
will usually fail in giving accurate results, especially in the case of the damping
coefficient. Thus the powerful method of system identification technique {Beck
1978) was applied to obtain the dynamic properties of the foundation-seil sys-
tem. Fach response curve was used to develop an equivalent single degree-of-
freedom (SDF) oscillator, from which resonant frequency and damping values
were derived. Response of the SDF oscillator (Figure 7.17) to a sinusoidal
frequency-dependent exciting force is defined as

mec?

z T T LR P sinw p sinew (7.1)

In nondimensional form, the amplitude 7, may be expressed as follows:

A &
T = G (7.2)
© 7 VI = (o7 on)lP P + (€ wn) '

where

-me . _ =~/ K = _C
A= T on = 2, \/;.f ST (7.3)

In the above equations m represents the unbalanced mass placed at eccentricity
e from the center axis of the shaker; M is the total mass of the osciliator includ-
ing m: and k, and ¢ are spring stiffness, and damping coefficient of the SDF oscil-

lator respectively,

If by variation of amplitude A, resonant frequency f,, and damping ratio £ the
theoretical response curve for the 3DF oscillator ceincides with the experimen-
tal data points or is fitted to them in a least square sense then the dynamic pro-

perties of the SDF oscillator give the best estimate te the experimental values,
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for the particular vibration mode of the system being fitted. Expression 7.2 is
nonlinear in terms of f, and £, thus, the fitting process requires a two-
dimensional iterative minimization scheme in terms of these variables. A com-
puter program originally developed by Beck (1978) and modified by Lin (1982)
was adapted to a more efficient structure to analyze the present test data. The
program was mainly changed for preprocessing of the input data and preparing
the output plots and tables. Bach resonant peak in the response curve was
treated as an independent mode and was fitted individually. Because of some
scatier in data points resuiting frem inelastic and nonlinear behavior of soil
reflected in the data, some of the points had to be excluded from the fitting and

in doing this special care was taken to avoid losing any useful information.

Figure 7.18 shows a typical experimental response curve for a surface foun-
dation vibrating in its fundamental rocking-sliding mode (Test 56) and the
respo'nse of the fitted equivalent oscillator. The experimental points in the
figure are only those around the resonant peak which is used in the fitting. This
way any error introduced by the contribution of the other response modes will
be avoided. Even though response of a linear dynamic system is used to fit the
experimental observations from a nonlinear system, in most cases of small to
moderate amplitude vibration of the model tower, a reasonable fit was obtained

" which provides a unified approach in interpretation and evaluation of the data.

In the following sections effect of the different soil-foundation parameters on
the fundamental frequency of oscillation for the rocking-sliding mode (f,) and
on the damping ratio of the same mode (£) are presented and discusged. In the
presentation of data all the quantities involved are converted to prototype

dimensions unless otherwise indicated.
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7.2.2 Effect of Soil Depth and Side Boundaries

Two series of experiments with two different models {see Tbl, 6.2) were per-
formed to study the effect of finite depth of the soil layer supporting the founda-

tion.

Table 7.1 summarizes the test information and the resulting resonant fre-
quencies and damping ratios of the model towers on different soil depths. Fig-

ure 7.189 shows the variation of the fundamental resonant frequency of rocking-

sliding motion with the change of soil depth ratio d, {equal to %'; where d; is the
soil depth and R is the footing radius). Note that the data point giving the
resonant frequency of the tower for zero soil depth (rocking on the rigid floor of
the bucket) is not plotted. This is because the limiting condition of the zero soil
depth is a singular case which. can hot be compared with the non-zero soil depth
data. Asis seen from the experimental values depicted in the figure the effect of
the soil depth beyend a limiting minimum value of depth ratioc, is negligible and
does not significantly affect the natural frequency of tower coscillation. There-
fore, the soil effect on dynamic characteristics of the rocking tower is a local
effect developed at resonance because of large strain amplitude deformations
around the edges of the foundation. This experimental observation is in agree-
ment with the results of other similar experiments in a centrifuge (Morris,
1979). Whitman (1972} has also indicated that presence of a rigid stratum
under an elastic half-space has negligible effect on dynamic behavior of a sur-
face foundation if the depth to the stratum is at least twice the width of the
foundation. In a theoretical study Kausel (1974) has shown that rotational
stiffnesses (rocking and torsional stiffnesses) of rigid footings on the surface of
a stratum on a rigid base are the least affected by the presence of the rigid base.

His results illustrates that for d; > 1.5 only a few per cent decrease in resonant



-177-

3 . i 13
g
S e MODEL TOWER NO.2
& o  MODEL TOWER NO.3
&
—
g
=3
[
(<9
%
o
72}
E &—.—G_N
; .
2
=
=z
o
= 2 L | 1 :
0 3 6

SOIL DEPTH RATIC, 4,
FIG. 7.19 EFFECT OF SOIL DEPTH ON ROCKING-SLIDING RESONANT FREQUENCY

Table 7.1. Fundamental Resonant Frequencies and Damping Ratios
for Different Depths of Seil

Model Test No. Soil Depth Depth Fundamental Damping
(Tower) {ft) Ratio Frequency Ratio
No. d dg (Hz) €
2 1 0.0 0.0 1.85 1.2
2 8.8 1.1 2.41 -
3 18.7 2.87 2.35 5.0
4 25.0 4.0 2.35 a.2
5 33.3 5.33 2.25 -
3 25 0.0 0.00 1.85 1.2
26 8.3 1.33 2.40 3.0
27 18.7 R.67 2.37 5.0
28 26.0 4.00 2.35 8.2
20 33.3 5,33 2.30 4.4
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frequency of the system occurs. The present test results even show smaller
depth effect, where up to a depth approximately equal to foundation radius no

substantial change in resonant frequency of the tower was observed.

This local effect of soil on fundamental frequency of the system was also
observed in the tests of model foundations in different size buckets, which
proved that the effect of side boundaries is also negligible in what is happening
in the soil around the foundation and the structure supported on it, when the
tower is oscillating with large amplitudes in its fundamental rocking-sliding
mode of vibration. However, a profound effect of the rigid boundaries of the
bucket was observed in the tests in the form of a second higher resonant fre-
quency of the rocking mode of vibration, not far from the first one. Almost all
the resulted response curves showed this second rocking mode which according
to the theory and experimental observations {Gazetas, 1883, Richart, Hall, and
Woods, 1970} is a higher rocking-sliding mode of a rigid surface footing on a
homogeneous soil stratum. The rnodes of vibration of the foundation system
are associated with the natural frequencies (in shear and dilation) of the soil
layer (the bounded soil mass in the bucket in the centrifuge tests). Figures 7.20
and 7.21 from Test 28 depicting displacement response curves in D! and D2
directions show clearly this effect of boundary presence, where a second peak is
present around 4.0 Hz in both directions. There are other peaks in the response

curves whose importance will be discussed later in the text.

A trend of increasing damping ratio with the increase of soil depth is seen
{rom Table 7.1 which reflects an increase in loss of energy in the soil due to both
material and radiational damping. The average damping of the socil-foundation

systern was about 5% in these tests.
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7.2.3 Influence of Foundation Size and Shape

Experiments 5, 6, 7 and 41, 43, 44 were performed on similar rigid towers
with circular foundalion with the only difference that in the latter group of tests
a mass was added inside the tower. Tests 10, 11, and 12 were performed on

another tower {tower No. 1, Table 6.2), varying the footing size while keeping the

ratio —\I@- constant. In the other two series of tests {Tests 5, 8, 7 and Tests 41,
b

43, 44) size of foundation was varied with all other tower parameters kept con-
stant, independent from each other. Table 7.2 and F‘iguré 7.22 surnmarize the
resulting values of natural frequency and damping ratios of tower oscillation
and the trend of frequency variation with the change of radius of the feoting, A

comparison of the results with a simple theory is presented in Chapter 8.

Table 7.3 and Figure 7.23 also present similar resuits derived for the square
footings. In these tesfs the variables M and I; were independently constant for
all the models. The experimental results show that with all properties of the
tower remaining constant, resonant frequency of vibration increases with the
increase of footing radius. As is seen from Figure 7.22 and 7.23 natural fre-
quency of the square. footings with equivalent semi-dimensions are very close to
the values for the equivalent circular footings. However, the resonant frequen-
cies of square footings are slightly bigger than the ones for equivalent circular

foundations over the entire range of frequencies of interest.

The equivalent semi-dimension for rectangular footings in general has been
defined in three ways (Richart, Hall, and Woods, 1970). It is defined, (1) as the
radius of a circular footing having the same area as the rectangular one; (2) as
the radius of a circular footing with equivalent area moment of inertia as the
rectangular one; and (3) as the radius of a circular footing with equal static

spring stiffness for a footing on the surface of an idealized semi-infinite solid. In
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Table 7.2. Effect of Footing Size on Damping Ratio and Fundamental
Resonant Frequency (Circular Footings).

Test D W Ieg. hee. I 3
No. (ft)  (ton) _ (ton-ft%)x10% () (Hz) (&
8 8.3 680.82 8.881 155 1.8 10.0
7 10.4 80.82 2.353 153 1.80 7.3
5 12.5 60.82 9.808 15,0 2.25
10 8.3 87.50 9.287 15,8 1.b5
11 10.4 92.48 2.874 15.8 1.70
12 12.5 91.89 8.880 154 2.00
43 8.3 11582 12.027 158 1.85
44 104 11582 12.027 158 1,80 4.0
41 125 11582 12.027 158 235 75

Table 7.8, Effect of Footing Size on Damping Ratio and Fundamental
Resonant Frequency (Square & Rectangular Footings).

Test 2c 2d fr £
No. (ft)  (ft) (Hz) (%)
{Square Footings)
42 7.3 7.3 1.70 1.0
45 g.1 9.1 1.80 3.4
40 10.9 109 242 3.0

Rectangular Footings)

486 8.4 128 2.04 1.5
45 9.1 9.1 180 3.4
47 12.8 6.4 1.43 2.9

48 18.0 45 117 ~05
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present study equivalent semi-dimensions of the tower bases were calculated

according o methed 2 from equating the areas of the model foundations.

Figure 7.24 shows the results for a rectangular footing with an area approxi-
mately equal to the area of the medium size circular or square footing used in
former tests. The length-to-width ratio (¢/d, where ¢ and d are the half side
lengths) for these rectangular footings was varied over a range of practical
interest. It is obvious from this figure that an increase of the ratio of the side
length parallel to the rotational axis of rocking to the length of the footing side
normal to the rocking axis will result in a considerable decrease in resonant fre-
quency of the foundaticon. Therefore, as expected narrow footings rocking
around an axis parallel to their longer side will have low values of rocking fre-
quencies and can be excited very easily in their rocking mode of vibration with
larger amplitudes of motion in comparison to footings rocking around an axis

parallel to the shorter side of footing.

7.2.4 Variation of Rocking Resonant Frequency with Centrifugal Acceleration

The natural frequency of towers varied with the centrifuge acceleration,
increasing as the acceleration was increased. Ii is expected that this variation
would be substantial because at each centrifugal acceleration the model strue-
ture simulates a protoiype structure with different geometrical dimensions.
Table 7.4 and Figure 7.25 support this expectation. According to the test results
resonant frequency is proportional to (Ng)®*® where Ng is the centrifuge simu-
lated gravitational acceleration. The variation of frequency with a power of 0.25
of Ng has been predicted by theory and alsoc reported by Morris (1981) in an

experimental study.
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7.2.5 Variation of Resonant Frequency with Eccentric Mass of Shaker

Increasing eccentric weight, w, in the shaker will increase the force amplitude
at a p~rticular frequency of shaker rotation . This will cause higher shear strain
amplitudes in the soil under the foundation which results in more softening and
nonlinear behavior of the soil. As a result resonant frequency of the system
decreases while damping increases. These predictions were observed in the
experiments showing a clear trend of decrease in resonant frequency with
increase in the eccentric mass of the shaker. Tables 7.5 and Figure 7.26 show
the result of the tests on two different models (Models 2 and 4, Table 8,2) beth
following the same trend of behavior as the eccentric mass increases. Figure
7.27 depicting the response curves for four tests with different shaker masses
gives a better physical picture of this phenomenon. Note that as eccentric mass
increases resonant frequency of the fundamental mode of rocking-sliding sys-
tem decreases while both damping ratio and amplitude of vibration increase
substantially. The increase in the shaker ferce and nenlinear behavior of the
soil, due to increase in the eccentiric mass, produces a more appreciable rise in
amplitude and damping of the system than a decrease in their values resulted
from the reduction of resonant frequency (due to yielding and softening of the

supporting soil).

It should be noted that when resonant frequency decreases, force amplitude
decreases as well, however, because of overall increase of the shaker force, the
resulting softening in soil lowers the soil stiffness. The curves in Figure 7.26 are
not very steep and the effect of increase in eccentric mass is not very important
after a certain limit because of the reduction in the resonant frequency and the
force which is proportional to frequency squared. An interesting fact observed

in these tests was the increase of sliding amplitude relative to rocking contribu-
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Table 7.4, Effect of g-Level on Damping Ratio and Fundamental
Resonant Frequency of Towers.

| Test g-Level fn ¢
No. (g) (Ha) (%)
37 1.0 500 10.0
38 20.8 103.0 4.0
39 36.56 120.0 2.0
38 50.0 132.0 2.0

Table 7.5. Effect of Eccentric Mass of the Shaker on Dynamic

Response of Model Towers.

Model Test Eccentric fn ¢
No. No. Weight, W (Hz) (%)|"
(1bfx 10~%)
44 1.144 1.90 40
51 2.384 178 35
2 60 8244 184 654
bR 9.552 1.86 &7
53 14.070 1.82 8.1
31 1.144 268 3.5
4 57 2.384 2.87 5.0
55 6.244 233 6.0
58 8.552 230 7.2
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tion in the total displacement of the model tower. After the experiment, it was
noted that the tower had walked under the high amplitude horizontal force on

its top, leaving a trace of its path on the soil.

7.2.68 Effect of Mass Moment of Inertia (I,)

The result shown in Table 7.8 and Figure 7.28 for a decrease of resonant fre-
quency with the increase of mass moment of inertia (about the rocking axis
passing thru the center of footing-soil contact area}, is well known and has been
predicted by elastic half-space theory for dynamic behavior of rigid surface foot-
ings in numerous studies. This effect was clearly observed during experiments
as is shown in Figure 7.28. Table 7.6 also presents the resonant frequency
results along with damping ratio values varying with the mass moment of iner-

tia.

7.2.7 Effect of the \/TM—Ratio
b

Table 7.7 and Figure 7.29 suminarize the influence of this factor on the

dynamic properties of the tower. These results are derived from tests on models

of equivalent footing size with different inertial properties (different —\;E ratios).
b

The number of tests was insufficient and they were performed on various model
towers at different times during the testing scheduale. Therefore, conclusive

results in this case require more thought and judgement than other cases. How-

ever, the trend of frequency variation with the value of \{——Mratio is shown: in the
b

figure and will be discussed more in Chapter 8 in a comparison with thecretical

prediction.
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7.2.8 Influence of Footing Embedment

Effect of embedment is shown in the results presented in Table 7.8 and Fig-
ure 7.30 for the variation of damping ratio and resonant frequency of the model
tower with the embedment ratio (4, equal to the ratio of depth of embedment to
radius of footing). The results are given for both the direction of applied hor-
izontal force on the tower top and direction normal to it (represented by sub-
scripts 1 and 2 respectively in Table 7.8). It is well known that increasing
embedment depth of the foundation will increase the stiffness of the soil-
structure system and therefore will result in an increase in natural frequency of
the structure. This phenomenon was studied in a series of tests changing depth
of embedment from 0 to 1.5 times the radius of the tower base. As shown in the
Figure 7.3C increase of the frequency with embedment ratio is not very large.
This is because of the high amplitude of the force, large number of load cycles,
and particularly ineffective contact between the tower side walls and the soil
mass. In most theoretical methods full contact between secil and foundation
side boundaries is assumed during oscillation which will influence the resulté
considerably, amplifying the effect of embedment of the foundation. Tension
stresses cannot develop between footing side walls and the soil surrounding it;
therefore a gap between soil and tower side walls will be formed and filled by
loose soil, resulting in the reduced effect of embedment. Steokeoe and Richart
(1974) in an experimental study on full-scale model circular footings embedded
in a dense, dry sand subjected to rocking excitation showed that embedment
without adequate lateral support was essentially ineffective, In fact only a 10 to
15 per cent increase in geometrical and resonant frequency was observed at an
embedment depth equal to 1.5 times the footing radius. They showed that
proper embedment had a significant effect on both total damping and resonant

frequency.
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Table?.8 Damping Ratio and Fundamental Resonant Frequency for Models
with Different Mass Moment of Inertia.

F’I‘est Moment of fu £

No. Inertis, Ip (Hz) (%)
(ton-ft*)x108

A 24.230 2.68 3.5

82 30.782 2.50 3.3

28 45.974 230 4.4

Table 7.7. Damping Ratio end Fundamental Resonant Frequency for Models

with Different VM / I, Ratios.
Test VW/ 1 h &
No. (XIO"Ston'% B Ha) @)
5 0.331 225 44
a0 0.471 2.70
31 0.432 2.68 3.5
41 0.2684 2.35

Table 7.8. Damping Ratio and Fundamental Resonant Frequency

at Different Depths of Embedment

Test d. & f & I, ¢
No, _ (ft) (Hz) (%) (Hz) (%)

84 . 0.0 0.0 245 54 288 57

85 313 05 257 58 325 37

B8 6.25 1.0 283 58 355 37

87 8.38 15 267 51 380 38
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Figures 7.31 and 7.32 give a clearer physical appreciation of the embedment

effect by collecting the response curves for the four different depths of embed-

ment in one place. The following facts and conclusions can be deduced from a

careful study of the resuits shown in the figures and the table presented in this

section on the effect of embedment:

(D

Frnbedment efiect is different in the twe directions of main rocking
motion and normal to it (D1 and D2 directions). Stiffness of the soil-
structure system incfeases meore eflectively in the direction normal to
main rocking motion. This fact, to which no attention has been paid
before, is a result of large amplitude loading in the roclﬁng direction
which produces a nonhomogeneocus strain pattern and soil-foeting con-
tact condition around the tower. In an experiment no matter how
much care is spent in mounting the loading system on the model a pure
one-dimensional loading in the desired direction can not be obtained.
Thus there is always a small amplitude load in a direction normal to the
main rocking motion. If the model structure and the soil bucket are
completely axisymmetric and the surrounding secil is homeoegeneous,
then it is expected that the non-alighment of the force will only create a
motion and a single related resonant frequency in a direction having a
small angle with the rocking motion direction initially desired. It was
observed, however, in the experiments that two different resonant peaks
close to each other in the two above mentioned directions exist in the
system. Therefore existence of the two different resoﬁant peaks as is
seen in the response curves is a sign of the nonhomoegeneity of the soil
around the model structure, and inaccuracy of the axisymmetry
assumption for the model and socil container. In fact the model struc-

ture wobbled around in the horizontal plane of motion along an
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elliptical path which its shape constantly varied over the frequency
range of vibration. Displacement path of the tower top center point
during rocking-sliding vibration in Test 84 is shown in Appendix C.
Since the strains developed in direction normal to the main rocking
motion are much smaller, therefore, less yielding and softening in the
soil adjacent to the foundation, and consequently less separation
between soil and foundation will eccur. This causes a more appreciabie
increase in resonant frequency of the model in this direction with the
inérease in depth of embedment. Resonant frequency increases about
30 % from zero embedment to 1.5 times radius depth of embedment for
the direction normal to the main direction, while there is only a 10 %
increase in resonant frequency in the main rocking direction. As seen
from Figure 7.32 the gap between the two resonant peaks in each
response curve increases as depth of embedment increases, showing a
faster increase in rescnant frequency in direction normal to main when
embedment ratio increases. Also more nonhornogeneity develops in the
soil as the experiment goes on and layers of seil are added around the

tower.

Amplitude of motion overall increases with increase of embedment
depth in the main direction, but there is a definite decreasing pattern
in the amplitude, in the direction normal te main one, as embedment
ratio increases. Once again this is because of much smaller strain
amplitudes in direction normal to main one, which results in a more
elastic behavior in the soil. Another important factor, explaining the
unexpected increase of vibration amplitude in main direction, is negligi-
ble variation of total damping with the change of embedrent. This will

be discussed in next paragraph.
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Damping does not show any particular trend with the change in depth
of embedment and overall remains constant for all embedment ratios.
The improper footing embedment (ineffective bond between soil and
foundation) is the main factor causing the slight variation of damping
ratic. The small value of geometrical damping in the soil-foundation
system, because of rigid boundaries of the soil bucket, is another rea-
son for the above phenomenon. Therefore, embedment does not change
the damping- However, there is a clear difference between the damp-
ing ratiog in the two rocking directions which shows higher damping
values in main direction of rocking presumably because of larger strain

amplitudes in the scil in this direction.

The major increase in stiffness of the embedded foundation occurs from
the zero embedment to the first embedment depth of 0.5 times founda-
tion radius. Additional increase in embedment depth has a minor effect
on stiffness of the scil-foundation system. This is because confining
pressure in the soil at the footing edge, changes from zero to a finite

value from no embedment te an initial depth of embedment.

7.2.9 Static and Dynamic Pressure Distribution over the Footing-Soil Contact

Area

7.2.9.1 Static Pressure Distribution

Static pressure distribution along the radius of the rigid circular footings

resting on the surface of sand at the center of area inside a cylindrical con-

tainer was measured for different scil depths. Soil depth was varied frem 1.5 to

8.0 inch and contact pressure distributions were measured at 1.8, 4.0, 8.0, and

B.0 inch of soil depth. Figure 7.33 shows these pressure distributions along the
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diameter of the foundation assuming an axisymmetric distribution over the
entire contact area. In all the tests measuring pressure distributions the radius
of the model footing was 1.5 inch. Meyerhof (1951) has suggested that the static
stress block (static contact stress distribution) for a rigid surface footing on a
cohesionless material, to be a trapezoid which changes te a triangular at wlti-
mate load (Fig. 7.34). As is seen from Figure 7.33 the static pressure distribu-
tion measured for the footing on maximum soil depth of 8 inches (excluding the
effect of rigid floor of the bucket) approximates the theoretical shapes in Figure
7.34. However, a more rounded vertex is observed, as would be intuitively
expected. Both theoretical and observed distributions indicate that because of
low confining pressure in the sand under the edges of the footing, it can sustain
very little stress, and strength increases towards the center where the sand is
more confined. Under large vertical static loads the soil in the proximity of the
foundation edge yields and some initial permanent deformation occurs. This
initial yielding will affect the dynamic pressure distribution as is seen in later
parts of this section. Before presenting the test results for dynamic pressure
distribution produced by the rocking moment, it is essential to explain the
mechanism of permanent deformation and lift off observed during the tests

which directly affects the shape of the stress block under the footing.

7.2.9.2 Mechanism of Yielding, Lift off and Separation During Focking of The

Tower

Most of the theoretical and experimental research to date has ignored either
plastic yielding effects or separation of the footing from the soil. The present
experiments in this study showed that in almost every dynamic test the soil
around the footing edge yields and the foundation edge separates from the soil.

In fact this is caused by the plastic deformations which results in densification
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and settlement of the soil. The addition of the rocking moment, ne matter how
small, will cause further yielding along the leading edge in addition to the initial
statically yielded zone and results in more separation of {ooting and soil along
the trailing edge due to foundation lift off and deformed outer zone, During the
rocking vibration, the footing deforms the soil (starting from the edges and
moving gradually inwards) into a rounded profile, causing the rigid footing to
lose full contact with the soil (Fig. 7.35). The reduced bearing width in succes-
sive cycles due to rounding of the foundation will produce increasing settlement
of the foundation. Since the vertical ioad on the footing rermains constant dur-
ing the test, for equilibrium the volume under the contact stress block must
stay the same and consequently the shape of the stress block should vary con-
tinuously until the contact soil surface assumes a stable configuration. No
major change in average pressure distribution was observed at frequencies far
from resonance indicating a more linear reversible behavior at these small
amplitude vibrations. Lift off and increased yielding at the edges will occur
mainly at frequencies close to resonance and therefore the soil-structure sys-
tem behaves highly nonlinearly at thése frequencies because of both plastic
deformation and the lift off process. Due to the above mentioned increased non-
linearity the resonant frequency of the soil-foundation system decreases and

the amplitude of the vibration increases.

At resonance a profound change in configuration of the contact pressure dis-
tribution occurs. Pressure amplitude (dynamic plus static) at the foundation
edge drops to a s:ﬁall value because of partial separation or to zero in case of
full separation, while pressure in the vicinity of the footing center increases an
appreciable amount. Figure 7.36 shows the static pressure distribution before
and after applying the dynamically varying moment and going through reso-

nance during a test. It is observed that because of reduction in contact width



FIG. 7.35 MECHANISM OF FOUNDATION LIFT-OFF AND ROUNDING OF THE CONTACT SOIL SURFACE
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the stress block has reverted to a much narrower wedge shape configuration. It
was observed that in some tests due to initial yielding under static load. the
footing separates from the soil near the edge from beginning of the test. There-
fore in such a case going through resonance will cause more yielding and lift off

of the foundation.

7.2.9.3 Dynamic Pressure Distribution

At a constant depth of soil equal to B inches, dynamic pressure distributicns
along the diameter of the footing {Tests 17 and 33), and around the circumfer-
ence of the circular footing (Tests 14 to 16 and 34 to 36) were measured. For
measuring pressure variation around the circumference two pressure transduc-
ers P1 and P3 were mounted on the diameter normal to the rocking axis and the
other two transducers (P2 and P4) were mounted at similar distances along a
diameter at different angles, depending on the test, with respect to the direction
of P1 and P3 (see Fig. 5.19 patterns A, B, and C). Approximate pressure distribu-
tions were derived by comparing the response curves for the pressure signals
over the entire range of frequencies in the test. Two distinct pressure distribu-
tion patterns were observed depending on the amplitude of vibraticn. In the
case of low amplitude vibration (practically no plastic deformation in soil) the
average dynamic pressure distribution over the frequency dornain is plotted in
Figure 7.37a. As is seen the dynamic pressure amplitude increases from a
minimum value at the footing center to a large amount at the footing edge (see
also Fig. 7.40a, Test 64). This configuration of pressure distribution remains
unchanged until there is some yielding and lift-off around the edge of the foun-
dation. TFigure 7.37b shows a progressive change of dynamic pressure distribu-
tion along the footing diameter (normal to rocking axis) as the frequency

increases. Note that in this case soil around the footing edge has yielded and
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some plastic deformations has occurred in soil. Figures 7.38 and 7.39 show the
response curves for the pressure signals after soil has yislded around the foot-
ing edge or lift off of foundation has occured. Thus, because of yielding of soil in
contact with foundation around the edge, pressure for transducer P4 at the
footing edge is smaller than pressure at P3 position (see Fig. 5.19 pattern D). In
Figure 7.38 (Test 17) pressure at the edge is smaller than pressure at the next
transducer location toward the footing center at all frequencies of vibration. On
the other hand in Test 33 (Fig. 7.39) pressure at tﬁe edge is originally bigger and
then becomes smaller than pressure measured by P3 around resonance when
soil has yielded and lift off has occured. Figures 7.40a, 7.40b, and 7.40c¢ show
variation of pressure distribution with increase of embedment depth by compar-
ing the response amplitudes of pressure signals. I is observed that embedment
increases the confining pressure in the sand near the footing edge and therefore
results in an increase of soil strengt‘h. preventing the foundation lift off and
vielding of the soil at the edge. As the depth of embedment increases dynamic
pressure amplitude near the edge increases considerably compared to pressure
amplitude at points closer to the footing center. This shows that, with embed-
ment, the behavior of the soil-foundation system is approaching the linear elas-
tic half-space model which predicts very large vertical siresses near the footing

edge.

Because of many effects such as: tilting of the tower during the test or when
spinning the centrifuge to speed; local irregularites in the soil-footing contact
surface; nonhomogeneity in the scil, and other factors, the pressure distribution
was very sensitive to the test conditions and varied a lot from test to test which
to some lesser degree is also the case with real foundations placed on soil.
Dynamic pressure distribution as a function of @ (angle around the circumfer-

ence, see Fig. 5.19) under the footing rocking about an axis {(® = 90°) passing
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through the center of contact surface is shown in Figure 7.41. Scatter of points
is a result of the above mentioned problems. As is seen from the figure dynamic
pressure amplitude changes from its maximum value at @ = 90° to a minimum
value at @ = 0° In conclusion, for determination of complete contact pressure
distribution over the area of footing the surface of the foundation shouid be
amply instrumented with many transducers so that with one test, pressure dis-
tribution over the contact surface would be known. Pressure distributions
measured and presented here are among the most repeatable ones in the tests.
Absolute values of pressures are not as reliable as relative values which deter-

mine the distribution patterns. The reasen for this was discussed in Chapter 5.

7.2.10. Nonlinear Inelastic Behavior of the Soil-Tower System

A phenomenon cbserved in all the tests was the reduction of resonant fre-
quency of the tower and increase in damping of .the vibration after going
through many cycles of vibration and particularly through resonance while the
test was running. It was observed that resonant frequency was higher when
shaker frequency increased monoctonically from 0 to an upper limit and it was
lower when reducing the frequency back to zero. This was a result of both non-
lihear and inelastic behavior of soil under large amplitude loading which results
in yielding at the leading edge of the foundation and lift off at the trailing edge
during rocking. Figures 7.42 and 7.43 depict the observed nonlinearity effect for
two tests on two different models and with two different load levels (having
unequal eccentric masses in the shaker). Data points in direction of increasing
and decreasing frequency are marked separately and connected to each other
by a full and a dashed line for clarity. The reduction of resonant frequency
when decreasing the exciting frequency from a high value is apparent from the

figures. As is seen from Figure 7.42 the nonlinear-inelastic effect on dynamic
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response of foundation is more visible in a pressure signal because of major
change in contact pressure distribution during vibration. Even though the
amplitude of the applied moment in Test 56 (Fig. 7.42), at a particular f:r'e;
quency, was more than twice the amplitude in Test 28 (Fig. 7.41), bigger non-
linearity effect was observed in test 28. For a rigid surface foundation on a
cohesionless soil at low amplitudes of loading usually a dominant lift off process
is observed, while with the increase of rocking moment inelastic deformation of
the soil (starting from the edges and working inwards) dominates the nonlinear
behavior of the soil. Thus the nonlinearity effect in Test 28 is mainly because of
the lift off process and not due to the inelastic deformation of the soil in contact

with the foundation.

7.2.11. Imperfection of the Axisymmetry and Soil Homogeneity

As was mentioned in the discussion on embedment effect,' there existed
almost in every test a second peak close to resonant peak in the main rocking
direction. Figures 7.44a,b (depicting the response curves for displacement sig-
nals in Test 58) show the two peaks existing in both main rocking-vibration
direction (measured by Transducer D1}, and in the direction normal to that
(measured by Transducer D2). Comparing the two figures reveals that the
second peak in Figure 7.44a is the rescnant peak in the main direction and the
first one is the resonant peak in the direction normal to the main. Therefore,
even though the tower and the soil container are axisymmetric and the soil has
been prepared with extreme care to aveoid any nonhomogeneity, the dynamie
properties of the system are different in the two D1 and D2 directions, creating
the coupled modes of vibration in the two above-mentioned directions. The rea-
son for this as was mentioned before is the imperfection in the model tower in

the sense that it is not purely axisymmetric (geometrical and material



-213~

4.8a T T T | 1
3.2 RESPONSE CURVE -
tf§ TEST 56
& CHANNEL 1 - (D1)
)
L -
~ 248
~Nm
wi
=
20 el 7
o
=
T g.ee} (a) 7]
8.8 ; % L ; L g ]
FREQUENCY - CPS
.29 i 1 I I i
L R RESPONSE CURVE
O TEST 58
T CHRNNEL, 2 - (D)
(e
L.
~2.48 -
~9
wd
=2
Dx
p— 1.88— —
—
<
T s (b) =
B'ug 11 ; : J5 8

2 3 g
FREQUENCY - CPS

FIG. 7.44a.b EXISTENCE OF TWO RESONANT PEAKS IN RESPONSE BECAUSE OF
IMPERFECTION IN SOIL-STRUCTURE SYSTEM (CYLINDRICAL TOWER)



-214~

axisymmetry) and that the soil is not absolutely homogenecus. The model tower
in Test 56 was a cylindrical tower with the axisymmetric shaker on its top sur-
face. Figures 7.45a,b present response curves for a tower with rectangular cross
section and circular foundation {Test 40) and with excitation along the short
side of the tower cross section. For this model because of the big difference in
the mass moment of inertia of the tower in the two D1 and D2 directions the gap
between the two peaks is much bigger and the effect of the three-dimensional
nature of the bsoil-structure system is more obvious. Note that the two-peak
phenomenon also exists in the second rocking mode of vibration (produced by

the effect of rigid side boundaries of the bucket) as is seen in Figure 7.45.

7.2.12. Determination of Response Modes

Under applied horizental dynamic force on the tower top, it will always
vibrate in a coupled rocking-sliding mode. It is known from theory (Prakash,
1981) that for a rigid block on the soil surface vibrating simultaneously in both
rocking and sliding modes, the ratic of the horizontal displacernent of the
center of gravity to the rocking angle of rotation is defined as

2

e (7.4)

=5
Pe R  oh-w

where A, is the maximum sliding amplitude of the the center-of gravity of the
block, and A, is the maximum rocking amplitude, hce is height of center of
gravity from soil surface, wyy is the natural frequency in pure sliding, and w is
frequency of the exciting force. If the frequency of excitation w is small in com-
parison to wpny, then p = heg; that is, the axis of rotation lies along the central
axis of the base area at zero elevation from soil surface. The foundation under-

goes only rocking, and sliding is absent.
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With the above theoretical discussion in mind, using the accelerometer
records for the top and middle accelerations of the tower, total horizontal
arnplitude of the tower, and contribution of both sliding and rocking amplitudes
to the horizontal motion of the tower top were calculated., Since pure sliding
resonant frequency of vibration for all the medels was very high, sliding was
expected to make little contribution to the total horizontal motion of the tower
top. Figures 7.48 to 7.51 show the contribution of both sliding and rocking
amplitudes and the total horizontal amplitude of the tower top itsell, all plotted
in the form of response curves over the frequency range of interest. Figures
7.46 to 7.48 are from the tests on the same model but on different soil depths
and Figures 7.49 to 7.51 are from tests on three different models. Different load
levels were also used in somme of these tests. In all these experiments, as is seen
from the figures, the sliding amplitude over the entire frequency domain is

-negligible. This verifies the prediction of pure rocking motion about the axis
passing through center of the base area in contact with soil. Note that only at
resonance sliding amplitude is slightly bigger but it is still very small compared
with rocldng amplitude. Also comparing Figures 7.46 to 7.48 it is concluded that
contribution of sliding amplitude and etfect of coupling increases as soil depth

increases..

Figures 7.52a,b show the same information as presented in Pigures 7.46 to
7.51 for the case of a model with a surface footing (Fig. 7.52a) as compared with
the same model embedded in soil (Fig. 7.52b). No major difference is observed
between the modal response of the surface and embedded foundation in direc-
tion of main rocking motion. However, it is expected that because of low ampli-
tude motion in the direction normal to the main, embedment will increase slid-

ing contribution and the rocking-sliding coupling will be stronger.
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7.3. MODEL TESTS IN TRANSIENT HYDRAULIC SHAKER

A few model structures were excited by shaking the whole scil container as
was described in Chapters 5 and 8. Natural frequencies and damping ratios for
the recorded data (on Visicorder, or floppy disks) were measured by hand,
including a large number of cycles to reduce the error of calculations. The
models tested, soil depths, and other pertinent test information are summar-
ized in Table 7.9 and the results are compared with some resonant frequencies
and damping ratios measured in steady-state vibration tests and the explosicn
generated free vibration tests on the same models under approximately similar

conditions.

Figures 7.53 and 7.54 show the output signals of transducers in two different
tests (on Models 2 and 1). Note that in the test on Model 1 {Fig. 7.54) the pres-
sure signals were clipped showing that lift off will happen under sudden high
arnplitude load. Therefore, it is expected that lift off and separation of surface
or shallow footings from the foundation soil would occur under severe seismic
loading even when the duration is short. However, in the explosion tests no lift
off was observed since the amplitude of vibration was much smaller compared
with the amplitude of motion in the above transient tests. Under transient exci-
tation produced by shaking the whole soil bucket, usually the input acceleration
was high and therefore large strain amplitudes were produced in soil which
reduced the naturzl frequency of the foundation. Comparing the results of
steady-state and transient vibration tests in Table 7.9. shows that in most cases
under high amplitude loading the resonant frequency diminishes considerably
compared with small amplitude vibration tests. The centrifugal acceleration for
all tests listed in the table was 50 g except for the explosion-generated free
vibration test on Model 1. The rescnant frequency measured in this test was

corrected for the g-level as in other tests.
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A great deal of information can be learned from the data recorded in the
above transient tests. One example is the determination of the transfer func-
tion for the soil mass in the bucket by a Fourier analysis of acceleration records
at the bucket floor and on the soil surface. Because of the large number of
experiments performed in this study, further random shaking tests of the soil

container simulating earthquake motion were excluded from the test program.

7.4. Modelling at Different Scales

Even though it was not possible to verify the centrifuge modelling laws by
comparing the results of experiments with values derived from equivalent tests
on full-size structures, it was still possible {o test models of different dimensions
but similar shapes, at different g-levels in centrifuge, all representing the same
prototype. According to modelling laws the free oscillation frequency of the
three models should be in the ratio of their sizes with respect to each other, i.e.
for the models used in these testz with the length ratic 1.2:3 frequencies of
tower oscillation in model scale should be in the ratio of 3:2:1 to prove the
modelling laws. The results derived from the tests involving shaking the whole
soil container to study the modelling laws are presented in Table 7.10. The
agreement between the measured frequencies and the ratio of centrifugal
accelerations is very good. During each test the bucket was shaken with a low
amplitude of acceleration; an attempt was made to keep the level of shaking the
same for all three tests on the three models. Figure 7.55 shows the acceleration
signals recorded (on Visicorder) at top and middle heights of the the model and
the input acceleration at the bucket floor for the test on the medium size

model.
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Table 7.8. Damping Ratios and Resonant Frequencies Measured in

Tests [nvolving Shaking the Soil Bucket compared with other Test Methods

Model Free Vibration Steady-State Yibration
{Shaking of Bucket} (Air-Driven Shaker)
No. | Sl fn £ Amax| Soil fn £  Anax
Depth (Hz) (%) (g |Depth (Hz) (%) (g)
(&) (f1)
2 830 148 21 0080 | 33.0 180 20 0.03
3 28.0 2.00 3.0 0.050 | 330 230 44 (.04
4 25.0 1.48 7.0 0.080 33.0 288 70 0.2
Free Vibration Free Vibration
{Shaking of bucket) (explogion generated)
1(a} 8.3 1.52 6.0 0.25 300 180 50 0.06
1 {b} 8.3 1.20 8.50 0.30 30.0 182 80 0.10

* Amay Stands for maximum acceleration amplitude in signal.

Table 7.10. Damping Ratios and Fundamental
Resonant Frequencies in "Modelling of Models” Tests

Model  Size g £ £
No. Ratio level (Hz) (%
5 1 172 3.85 8.0
-] 2 25.8 8.7 7.0
7 3 515 3.45 8.5
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7.5. CONCLUSION

(1)

The following facts and conclusions were learned from these experiments:

Under small amplitude vibrations (approximately less than .05 g
acceleration amplitude) the foundation-soil system behaved in a rela-
tively linear-elastic manner in short duration shakings and the results
of parametric studies on the model structures were in reasonable
agreement with what was expected from theory and engineering intui-

tion.

Medium to large amplitude loading did result in yielding of the soil sup-
porting the foundation, starting from the edges where confining
stresses are very small and propagating inward with the increase of
deformation amplitudes during resonance. More energy dissipated
through yielding and deformation of the contact scil, and it was
observed that the footing tilted and settled into the soil. Under severe
transient shaking the edges of the tower lifted off the soil surface even

in a short duration shaking period.

Almost in every steady-state rocking-sliding test, no matter how small
the amplitude of motion, lift-off and consequently footing separation
from the foundation seoil was observed, particularly at the footing edge.
Thus, in these tests even when in some cases the rocking moment
amplitude was not high, under a large number of shaking cycles the
rigid footing separated from the soil surface which was prepared in a
dense state. Lift-off resulted in lengthening of the natural period and in
highly nonlinear behavior of the foundation. Footings under small
amplitude loads tended to rock on the soil, deforming the soil mainly at

the edges. Therefore, the accompanying settlement was very small and
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little damping was attributed to the motion. Since the soil used in the
experiments was dense, rocking and separation apparently took pre-

cedence over gradual yielding and settlement.

Effect of embedment, change in the foundation size, variation of soil
depth, magnitude of the applied load, ete. were all small in the direction
of main rocking motion. However, the effect of variation in any of these
parameters on the resonant frequency of the system was more obvious
in response amplitude plots and resonant frequency data derived in the
direction normal to the main rocking motion. This was a result of
different load amplitudes and produced strain levels in the soil mass in

the two directions of motion.

Comparison of experimental results derived by different test methods
was not very helpful because of the different levels of load amplitudes

involved in each test method.

There are two more important facts to be noted which were not mentioned

during the main text of the chapter:

(a)

Presence of pressure transducers in tests 1 to 24 on the footing bottom
surface, sticking out of the surface and penetrating into the soil,
resulted in reduction of the natural frequency of the tower because of
disturbance and the yielding of the soil at high concentration stress
peints around transducer. As the number of transducers on the footing
surface increased {rom one to lour or the size of footing was decreased
this adverse effect was amplified. However it was observed that the
overall behavior of the model towers in iests studying the effect of
different parameters did not change very much. This means that the

same trend of variation of resonant frequency with the change of the
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parameter was observed with or without presence of pressure transduc-
ers. It should be noted that in tests 25 to 87 pressure transducers were
mounted flush with the footing surface and consequently this adverse

phenomenon was not observed.

In the steady-state tests performed to study vertical and sliding modes
of vibration of the footings, because of high values of resonant frequen-
cies of the models the shaker could not reach their resonant frequen-
cies. It was also observed that the amplitude of motion was very small
and needed large amplifications. Therefore with the shaker used in this
experimental study and with‘ the particular conditions of the soil-
structure systems, it was impossible to detect the separate vertical and
sliding resonant frequencies of the models. However, tests in lower cen-
trifugal accelerations can be run using the above-mentioned shaker if
dynamic behavior of prototype structures with smaller dimensions is of

interest.
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CHAPTER 8
THEORETICAL RESULTS, SUMMARY AND CONCLUSIONS

In this chapter dynamic response of rigid model structures employed in the
rocking-sliding tests will be derived theoretically and compared with the experi-
mental results presented in the last chapter. Standard theoretical methods
with widespread usage in analysis and design of vibrating foundations will be
used in the analysis. Conclusions and recommendations based on the per-
formed comparisons will be presented and discussed in each case. Finally an
overall summary and conclusions of the present study wiil be given and recom-

mendations for future research will be offered.

8.1. INTRODUCTION TO METHODS OF ANALYSIS

The most widely used theoretical methods in analysis and design of founda-
tions subjected to dynamic locads are analytical methods based on the linear
elastic or viscoelastic half-space model. Numerical models, particulariy the
finite element technique, are capable of solving the foundation vibration boun-
dary value problem with any foundation or boundary geometry. In addition they
can easily include the effect of variation in physical properties of the medium as
a function of position in space. However, stress-strain relations used in these
methods are still very far from real behavior of scils since they usually do not
include the yield phenomenon and plastic deformation of the soil mass. In par-
ticular in most cases shear modulus of soil is defined as a nonlinear function of
stress or strain amplitude derived from laboratory tests and usualily a constant
value for Poisson’s ratio is assumed in analysis. This will not give a correct phy-
sical model of the material unless the bulk modulus or Poisson’s ratio are also

defined at the same time as a function of stress or strain.

All the above-mentioned analytical and numerical methods assume that soil
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is a continuum and they usually do not include any effect of yielding and long-
terrn deformations in soil, or lift-off and separation of foundation from the
ground surface. In a different approach to the problem following what Winkler
envisaged in 1867, soil is assumed as a bed of independent elastic springs sup-
porting the foundation. This model has the advantage of being able to inciude
the plastic deformation of soil and lift off of foundation in a relatively simple
manner; however, it suffers from the long-criticized disadvantage of assuming

the soil as a discontinuous medium.

In the experiments performed in this study a wide range of strain amplitudes,
lcad intensities, and excitation durations was involved. This resulted, on some
occasions, in vibration of model towers without any lift-off or sizeable softening
and permanent defermation in soil, but in many other cases lift off and yielding
were observed during the tests. Therefore, depending on lead amplitude, dura-
tion, and frequency of shaking the behavior of the towers under dynamic hor-
izontal force or acceleration was different. However, it was observed that, under
approximately constant amplitude vibratory loads, after a while soil behavier
tends to a nearly nonlinear elastic one with little energy dissipation or per-
manent deformation. It is expected that a numerical or analytical model which
reasonably predicts the observeﬁ behavior of the model towers in the centrifuge
tests (which are far preferable to other small scale tests at 1g) can be used with

confidence in the analysis and design of vibratory foundations.

In the light of different tower behaviors observed in the tests and available
mathematical models for the problem the most common analytical method of
"lumped parameters'” based on linear elastic or viscoelastic half-space models is
used in this study. Of course there exist many shortcomings in the method but
what we are interested in is, how far the theoretical and experimental results

are from each other and if the difference justifies investing a greater effort in
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developing and applying more sophisticated soil medels for solving foundation

vibration problems.

8.2. LUMPED PARAMETER ANALYSIS

The evolution of theories involving the evaluation of dynamic response of
rigid plates resting on or embedded in an elastic half-space was reviewed in
Chapter 1. As was mentioned the analytical methods based on the elastic or
viscoelastic half-space model will result in complicated integral equations which
have been solved numerically over the range of dimensionless frequency a, of
practical interest. Lumped parameter analogs to the elastic half-space models
greatly simplify the analysis and design of foundations under vibratory loads.
The lumped parameter method of analysis consists of the reduction of a
foundation-soil systern to a model of a mass and simple spring and dashpot ele-
ments. The rigid mass in the meoedel has the same inertial properties as the
foundation mass and the springs and dashpots are found from elastic half-space
theory by equating response of the elastic half-space model to that of its lumped
parameter analog as was shown in Chapter 1. The method is, however, limited to
systems with simple geometries. The numerical solutions te the clesed-form
integral equations will provide us with simple relations, and curves defining the
frequency-dependent impedance parameters {damping and stiffness) of the ana-

log meodel.

In general a rigid axisymmetric foundation resting on the ground surface has
four distinet degrees of freedom, namely vertical,and horizontal transiations,
rocking and torsional rotations. Rocking and horizental modes of vibration are
usually coupled. Thus a two degree of freedom lumped parameter model 1s
needed to sirnulate the rocking-sliding vibration of the model towers in the

experiments. For a relatively tall structure the rocking resonant frequency is
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much lower than the resonant frequency for horizontal mode and the damping
ratio (excluding material damping) is also much smaller for the rocking mode
commpared with the hoﬁzontal mode. Therefore it is expected that the contribu-
tion of foundation translation te the total tower motion at the fundamental
resonant frequency of the system, compared with the amplitude of rocking
motion about an axis passing through the base, is negligible. This assumption
was also experimentally supported as was shown in modal analysis calculations
of Chapter 7. Consequently the rigid tower oscillating on an elastic half-space
may be idealised as a rotational spring-inertia systern of one degree of freedorn.
The more rigorous two-degree-of-freedom lumped parameter model of the sys-
tem including the effect of frequency-dependent stiffiness and damping

coeflicients will be considered later.

8.2.1. One-Degree-of-Freedom lLanmnped Parameter Analog

For the simple one degree of freedom system the natural frequency is given

by

=1 \/E

where T is the moment of inertia of the tower about the axis passing through
the center of the lower base surface, and K is the rotational spring stiffness of

the elastic half-space.

Agsuming a relatively frequency-independent behavior for the model tower
(the dimensionless frequency a,, defined in Chapter 1, was less than 0.6 in the
experiments) the static rotational spring stiffness for a circular base resting on

an infinite uniform elastic half-space is defined as (Borowicka, 1963)
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8 Gr®

K= 3(1 —v) (8.2)

where r is radius of the base, G shear modulus, and v Poisson's ratio of the elas-
tic half-space. Defining the shear modulus G as an empirical function of void
ratio e and mean confining stress @,, derived by Hardin and Drnevich (1972), the

equation for resonant frequency (Eqn. 8.1) reduces to
£, = 189.5 r13 g 0%R 05 (8.3)

{in S.I. units only)
Note that in deriving the above relation void ratio of the soil was equal to

0.57, Poisson's ratio was 0.30, and G was a function of 7,9 (

see Chapter 4 for
properties of Nevada Fine Sand). In empirical relations and design curves in the
literature, shear medulus G is usually defined as a function of mean effective
stress to the power 0.5. The power 0.5 is derived as the average value from
many resonant column tests on different dry cohesionless soils. In addition,
Poisson's ratio or: bulk modulus of soil is assumed to be constant. Note that this
iz strictly speaking incorrect. In fact a physically correct seil model requires

that shear modulus and Poisson's ratic {or bulk modulus) be functions of both

mean and shearing stresses.

The main uncertainty in evaluation of the resonant frequency using the
above formula lies in the right choice for the value of mean effective confining
stress. Different ways of interpreting the required value of the mean stress have
been suggested by several researchers. One common procedure is to use the
elastic shear modulus corresponding te a typical point under the footing. Whit-
man and Richart (1987) recommended that a suitable point for this purpose is
at one base radius depth below the edge of circular footing, calculating the
stress by the elastic theory including the effect of soil weight itself. Based on
this idea the centrifugal accelerations in the experiments reported here were

calculated at a radius equal to distance from center axis to one footing radius
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depth below the soil surface in the experiments. However, soil is not an elastic
material and pressure distributions under a foundation over the contact area
and as a function of depth are much different and more complicated than the
predictions made by the elastic half-space theory. Morris (1981) noted the
uncertainties involved in evaluation of the right value for the mean confining
stress and proposed to use the average vertical stress under the footing times a
factor « as the average confining stress. The factor « was suggested to absorb
the effect of all uncertainties in the evaluation of the mean stress. Using this

value of mean stress he derived the relation defining the natural frequency as

£, = XL g (8.4)

where X is the power of @, in relation defining G in terms of mean stress, M is the
mass of foundation, and n is the scale factor for the centrifuge model {centrifu-
gal acceleration is equal to ng). Note that x is usually taken as 0.5 but its value
measured in this study was equal to 0.44. This relation describes how the
natural frequency varies with the centrifugal acceleration. In Chapter 7 the
experimental results {Fig. 7.25) showed that for a model at different centrifugal
accelerations the natural frequency of rocking about the base axis varied as a
function of n®?*2. This suggests that the average value of x (approximately equal
to 0.5) derived from resonant column tests performed in this study is supported
by the centrifuge experiments. With x equal to 0.44 the equation for resonant
frequency reduces to
022, MO44,09

fh = 227.5 a% (I—b—) ri08 no-22 (8.5)

(in S.I. units only)

where the factor «, as was mentioned before, was designed to absorb any
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differences between the idealized elastic model and the real foundation
response. According to Equation 8.5 the resonant frequency of a rocking foun-

dation is approXimately a linear function of r, radius of the base, and varies

approximately as square root of the ratio \/I—H— Referring to Figure 7.29 it is
b

observed that on the average the variation of resonant frequency as the square

root of iIH-? is valid since the experimental curve corresponds to the theoretical
b

predictions within a maximum of 10% error. Experimental results presented in
Chapter 7 for variation of natural frequency as a function of foundation size are
plotted once more in Figure B.1 for the purpose of comparison. It is observed
from the data for all three test series that for a medium dense sand a straight

line can be fitted to the data points with very good correlation. However, the

data points related to the tests with constant -}/E- and varying footing size
b

(instead of keeping both M and I, independently invariable) are a little scattered
around the fitted line. This shows either an experimental scatter of the data

poinis or that the assumption describing the resenant frequency solely as a

function of VI'——M and not the M and I independently is not entirely valid.
b

Table 8.1 presents the theoretically calculated and experimentally measured
values of natural frequencies of the towers in steady-state forced vibration
tests. In the above theorstical calculations Equation B.1 is used and the value of
shear modulus G is taken from resonant column test data (Test 1) in Chapter 4.
The mean effective pressure used in derivation of shear modulus is calculated
according to Equation 8.8, In tests 5 to 7 the radius of the circular foundation
is varied where all other parameters including M and I, were kept independently

constant; tests 10 to 12 were performed on model towers with circular founda-

tions of different radius while keeping the ratio _I\/E_ constant; finally in tests 40,
b
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42, and 45, in changing the semi-dimension of the sguare footings, all other
parameters were kept constant. Dala for tests 29, 31, and 82 are only compared
individually with theoretical results to provide more information on the strength
and limitations of the theoretical model. The predicted values are generally
about 20% to 55% higher than experimental ones. This was also observed in
Morris's centrifuge tests but in his tests the difference was smaller (maximum
about 20%). The reasons for the large discrepancies observed in the Table 8.1
will be discussed later. However the calculated resocnant frequency for the Model
Il in explosion-generated tests was very close to experimental value of 2.0 Hz.
This shows a remarkable agreement between theory and experiment for at least
one data point. Comparison at only one point does not prove to be universally
valuable but it should be pointed out that this observed agreement is expected
since the amplitude and duration of vibration in the explosion tests was very

smail.

The value of mean confining stress employed in evaluation of G using empiri-
cal relations or the rescnant column test results was calculated from linear
elastic theory as the minimum mean eflective stress value at some depth below
the footing edge. The stress value calculated includes the effect of average uni-
form vertical pressure on the foundation and the weight of soil itself. The
minimum stress value occurs at a depth approximately equal to 0.5 radius of
the base. This value is used in calculating the mean confining stress. Note that
choice of this minimum confining stress compared with the mean stress value at
one base radius depth is more justified. This will be discussed more in a later
section. The stress distribution due to foundation weight along the depth is
given in a tabulated form by Richart, Hall, and Woods (1970). At a depth z below

the footing the vertical stress in soil is calculated from
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Ovor =8 {Tz)ave + 72 (8‘6)

Where v is the soil unit weight, (@,)ave, iS the average vertical stress under the
footing due to its own weight, and g is the reduction factor (derived from thecry
of elasticity) which, when multiplied by the average vertical stress at the surface
(T.)ave: EiVes the value of vertical stress at the depth z. Then the horizontal and

mean effective confining stresses are given by

= 7 iy (0ot (8.7)
and
1+ f_”y |
Gy = _"é"'_—'(av)tot (B'B)

A Poisson’s ratio v equal to 0.3, derived from ultrasonic wave propagation velo-
city measurements, was used in stress calculations for the tests in this report.
If in Equation 8.3 the value of confining stress calculated aécording to the above
formulation is used then the coefficient o calculated from Table 8.1 is found to
vary from 0.1 to 0.7 in order to give a reasonable agreement between thecretical
and experimental results. If according to Morris the average vertical contact
stress, due to foundation weight, is employed in the calculations of mean
effective stress, then the predicted values for natural frequencies will be even
higher than the theoretical results listed in Table 8.1, and the value of a should
then vary from 0.07 to 0.23 in order to give the desired agreement between the
theoretical and experimental results. Values of confining stresses calculated
according to the above methods, represented as @,; and T, in the respective
order they were defined, are tabulated in Table 8.2. In this table are also given
the values of calculated damping ratio and magnification factor for the 1-D ana-
log to the rocking problem (Hall Analog), similar to the Lysmer analog for the

vertical vibration introduced in Chapter 1. The damping ratic ¢ and the
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Table 8.1. Comparison of Theoretical and Experimental Results for the

1-D Analog
Test No. Theory BEzperiment
fn (Hz) fn (Hz)
b5) 4.11 2.25
8 2.38 1.80
7 3.25 1.90
10 2.22 1.55
11 2.88 1.70
12 3.83 2.00
41 3.33 2.35
43 2.056 1.85
44 2.68 1.90
28 3.18 2.30
a1 4.35 2.68
62 3.88 2.50

Table 8.2. Caleulated Values of Confining Stress, Radiational Damping,
and Magnification Factor

Test No, U°l er 6 Mm
(ps) (psi) (%)

5 425 3.00 0.32 158.5
8 8.55 4.53 0.02 2500.0
7 8.10 348 0.00 555.5
10 13.80 B.12 c.01 5000.0
11 933 4.88 0.05 1000.0
12 6.44 3.83 0.22 2273
41 8.1 4.48 0.15 333.3
43 1822 7.78 <001 >5000.0
44 1188 5.58 0.04 1250.0
29 766 4.30 0.12 418.7
31 768 4.30 0.30 166.7
62 7688 4.30 0.50 100.0




-242~

maximum magnification factor My are defined as

045
‘=T +B VB (8.9)
and
L ‘
Vo™ (8.10)

where B = 3(1-v)1/ 8pr®.

B.2.2. Two-Degree-of-Freedom luamped Parameter Analog

The simmple one degree of freedom system considered in the previous section
seemed to give satisfactory results without any need for a more complicated
system. However {his can be verified through the analysis of the complete 2-D
coupled system by calculating the resonant frequencies of the system or the
mode shapes of vibration. In addition response curves for the coupled system
can be derived and compared with experimental response plots presented in

Chapter 7.

The two-degree-of-freedom lumped parameter analog to the rocking-sliding
problem of a rigid block on the surface of the elastic half-space is shown in Fig-
ure B.2. As is seen it consists of a rigid block, one rotational spring and dashpot
attached to the block at its base, and one horizontal translational spring and
dashpot resisting its sliding motion also attached to the base. The two degrees
of freedom are: {1) Rotation of the block about its center of gravity, ¢ and (R)
Translation of center of gravity x, equal to translational motion of the whole
rigid block (see Eqn. B.19). For steady-state response to a harmonic force the
system requires the solution of four simultaneous algebraic equations to obtain

both the magnitude and phase of response for each degree of freedom.



~243-

P = P, sin (wt)

F1G. 8.2 TWO-DEGREE-OF-FREEDOM MODEL FOR LUMPED PARAMETER ANALYSIS
OF FOUNDATION TRANSLATION AND ROCKING
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Let the applied harmonic force with frequency-dependent amplitude be

deflned as

P =P, sinwt

(8.11)

where P, = mew? m is eccentric mass of the shaker, e the eccentricity, and o is

angular frequency of the excitation. Then the equations of motion for the sys-

tem shown in Figure 8.2 arse:

For translation,

M¥ + Cgx + Kpx — hoCp®— hoKyd = P(t)

and for rotation

16+(Cq+hZCy) @ +(Kp+hZKy)8—hoCrk~hoKyx=P(t)h,

For the steady state solutions given by
x{t) = A;sinwt + Agcoswt
$(t) = Bysinwt + Bpcoswt

the fellowing matrix equation can be written

where [K] is given by the following equation:

-mwz +Kx —me -hon ho Cxw
K] = Ceo  —me+K; —h,Cew —h Ky
7| heKr holiw —JwP+Ks+h2Kp —Cew—CghlZe

~hoCetr  ~heKy Cew+Cohlw —lwP+Ke+h 2K,

and {¥F! is given by.

(8.12)

(8.13)

(B.14a)

(B.14b)

(8.15)

(8.18)
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(8.17)

Solution of Equation B.15 for the quantities A;, Az, B;, and Bs leads to the follow-

ing response magnitudes and phases,

|x| = VAf + AS

4 A

—_ 1
By = tan --Al
and

|®| =vBf +B5 ,

-, Be

= 1 22

B = tan B,

Translation of the base of the footing is designated by

Xp =X — ho®

(B.18a)

(8.18b)

(8.18¢)

(B.18d)

(8.19)

If xy, is negligible compared with rotational amplitude, xs = (b, + h,) ¢ about an

axis passing through the base, then the simpie 1-D system in Section 8.2.1 would

be sufficient for the analysis of the fundamental mode of the rocking-sliding sys-

temn.

The next step in calculating the response is to define the foundation-soil

impedances and inertial-geometrical properties of the rigid block. Dynamic pro-

perties of the soil and the rigid towers employed in the theoretical analyses are

defined in Chapters 4.5.6, and 7 and will not be repeated here. Therefore it is

only needed to define the impedance functions for the soil and calculate them

using the known dynamic properties.
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B.2.3. Foundation-Soil Impedances

The foundation-soil impedances which introduce the effect of soil-structure
interaction in dynamic analysis of structures under any vibratory load or
acceleration input, were defined in Chapter 1. Equations 1.6a and 1.6b define
gtiffness and damping coefficients of the analog system for the vertical or hor-
izontal translational motion of a rigid foundation on the elastic or viscoelastic
half-space. Similarly equations 1.8 and 1.9 define the rocking impedance func-
tions. For simplicity in presentation of the impedance functions the following

relations are defined

£y
= 8.20
£2 + 13 ( )
e B
c= = [f?+f§] (8.21)

By defining the above relations the frequency-dependent part of the impedance
functions will be collected in closed form functions k and ¢ and the impedance

functions for the horizontal and rocking vibrations of the foundation reduce to

Ky = Grok, {8.22)

Cx =vGpric (8.23)
and

K, = Crik , (8.24)

Cs = VGorge (B.25)

Since the impedance functions k and c¢ are frequency-dependent, the fre-
quency domain is usually used for dynamic analysis. The values of these
coefficients must be calculated at any given frequency before the four simul-
taneous equations are solved for that value of frequency. Lin {1982} presented a
detailed comparison of different expressions for the impedance functions which

have been derived by different researchers. Since all the formulations found in



~247~

the literature are at least valid for the case of v = 0, he compared the
impedance functions for this case and in the final format he obtained a single
formulation for the case of v = 0.33 (the site conditions in his experiments). In
some cases the impedance functions {stiffness and damping coefficients K and
C) were not directly given in the literature and it was necessary to calculate
them knowing the compliance functions (Equations 8.20 to 8.25). Impedance
functions for rigid circular footings on the surface of the linear elastic half-
space were compared and formulations given by Veletsos and Wei were chosen.
These formulations are frequency dependent and are defined for a wide range of
dimensionless frequency. In both horizontal translation and rocking vibration
the formulations given by Veletsos and Wei would not lead to major differences
with the other formulations discussed there. These formulas for the horizontal

translation and the case of v = 0.3 (for the sand used in this study) are given as

K, = 4.80Gr, (1.0 — 0.0018022, — 0.03271a2 — 0.1749a3

+0.02135a2 — 0.004195a3) (B.28)

Cx = 4.80v0p r2 (0.580+0.001954a, — 0.0130a2

+0.01118a2 — 0.00841ad + 0.001262a%) (B.27)

and in the case of the rocking oscillation for v = 0.3 the impedance functions

are

Ks = 4.00Gr3 (1.0 + 0.1058a, — 0.400a2 + 0.3028a3

—0.1010a2 + 0.021812%) {8.28)

Cp = 4.00vGp ré (—0.0002 — 0.006734a, + 0.3240a2

- 0.2542a2 + 0.08173a2 — 0.00968a2) . {8.29)



-248~

The above impedance functions are valid over the range of 0 < a, < 2.5. Hor-
izontal translation impedance functions show very little frequency dependernice
over the entire frequency range, but rocking impedance functions, particulariy
the damping coefficient, have greater dependence on frequency than those of
horizontal translation. In the above formulations for the impedance functions
coupling between translation and rocking of the footing (a flat plate) on the sur-
face of the elastic-half space and excited by a horizontal force or a rocking
moment is negligible and therefore the coupling terms are not.considered in the

discussions of this section.

8.2.4. Impedance Functions for Yisceelastic Foundations

Damping predicted by linear elastic half-gpace theory, in a rocking-sliding
system, vibrating in its fundamental resonant frequency (mainly rocking
motion) is very small as was shown in Section 8.2.1. The only form of energy dis-
sipation in the above theoretical model is geometrical or radiation damping.
Therefore, there is a great need to use a mathematical model which accounts
for the effects of material energy dissipation in the halfspace material. Such
effects are particularly important for high-intensity excitations associated with
large strains in the supporting material. In fact this is the case in most
moderate to severe earthquakes which induce large strains and permanent
deformations in the soil mass supporting foundations. This large amplitude
deformation and increased material damping was also observed in the centri-
fuge tests conducted in this study. To include the effect of material damping in
the analysis, the half space will be idealized as a linear viscoelastic solid, and two
models will be considered: the standard Voigt model and the constant hysteretic

model. Veletsos and Verbic ( 1973) have addressed the problem in a report cn
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vibration of viscoelastic foundations. Derivation of immpedance functions for the
above model is based on the application of the correspondence principle applied
to analytical approximations of numerically obtained solutions for the
corresponding elastic problem. It should be noted that it is extremely difficult
to apply the above-mentioned principle to the complicated integral equations

derived for the exact solution of the elastic half-space proeblem.

The stress-strain relation for the harmonically oscillating halfspace is defined
by

T =G% (8.30)

1+ iﬂg—'} (8.31)

In the above equations T, ¥ are shear stress and shear strain respectively, and G,

whers

G =G

G’ are the shear moduli of elasticity and coefficient of viscosity, respectively.
The correspondence principle requires that the elastic meoduli in closed form
solutions to the elastic problem be substituted by their viscoelastic counter-
parts as defined in 8.31. The value of G is related to the energy loss in the sys-
tem represented by the area enclosed in the strain-stress loading-unleading
loop. How the value of G' changes with frequency, determines if the model is a
viscous or a hysteretic ocne. For a Veigt solid, G' is considered to be constant,
wherease for constant hysteretic solid the product wG' is considered to be con-

stant.
Let the loss coefficient tané be defined as

WG’ = 1 AWy
G /W

tand = (8.32)

where W is the strain energy stored in a perfectly elastic material with maximum
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deformation amplitude the same as in the viscoelastic one, and AW, is the
energy lost in a complete stress-strain eycle. Then provided the values of tan ¢

AW,
{or -W—h) for the soil and the viscoelastic solid are taken the same, the simple

viscoelastic models will adequately simulate the damping properties of actual

soils. Note that the hysteretic solid is also called the constant tand model.

In deriving the impedance functions for the viscoelastic model for simplicity
in presentation of future relations the new functions k;, ¢y for horizontal trans-
lation; and k,, ¢, for the roéking motion are introduced. These functions differ
from the k and c defined in Section 8.2.2. by only a factor which is a function. of

Poisson's ratio; they are defined as

ke = 2 et (8.38)
oy = 2 g (8.34)
K, = 2 18‘“” K (8.35)
g, = g%{)—c (8.38)

Neglecting the smgall coupling between the horizontal and rocking motions,
Veletsos and Verbic defined the following approximate relations for the
impedance functions related to horizontal transiation and rocking motions of a
rigid massless disk on the surface of elastic half-space:

For the horizontally excited disk,
Ke=1, (8.37)
Cx = a-l (838)

for the disk in rocking motion
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_ (Bead
k, =1 131'—"—'—‘1 + (Beed Baad (8.39)
- (52a§)
c, = 8182 1+ (Bz0d (8.40)

where a; and f; are numerical coefficients which depend on Poisson's ratie, v

{see Veletsos and Verbic, 1373).

Assuming that Poisson's ratio is the same for elastic and viscoelastic material
then the impedance functions for the viscoelastic half-space are determined
merely by replacing the real-valued shear modulus G by the complex modulus G
in the relations for XK's and C's (BEquations 8.22 to 8.25 and 8.37 to 8.40). The
resulting stiffness and damping functions for the viscoelastic model are then
defined as:

For the horizontally excited disk,

1Y =1 =/ ———aﬁgllao (8.41)

oy= il g (8.42)
where
- Vs G _ 1
¢ = T T - g{and {8.43)
and
R=+vV1+a2f =V + tand*® (8.44)

For the disk in rocking motion, the corresponding equations obtained by use of

Equations 8.39 and B.40 are

¢ =1 —xp —Bsad (8.45)
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Cp =Y, + ¢ (B.48)
where
ﬁl[R + B (g
X¢ = = (B.47)
R+2\/ ) (ﬁan) + (ﬁzao)e
and
B1827\/ %i(ﬁaae)z ( )
Yo = 8.48
R+2 E-é——z- (Boao) + (Bzay)?

In the above equations V, is the shear wave velocity in the half-space medium, r
is the radius of the rigid disk on the surface of half-space, and superscript v
represents the viscoelastic impedance functions.

B.2.5. Impedance Functions for Analysis of Embedded Foundations

Embedment effect increases the stifiness and consequently the resenant fre-
guency of the foundation-soil system. This property of embedment is usually

ineluded in analysis by increasing the foundation-soil irnpedance values.

Two different approaches to include the effect of embedment have been
undertaken. The first method (Baranov, 1967) assumes that the foundation
rests on the surface of an elastic half-space and is embedded in an elastic layer
which may have different properties from the elastic half-space. Using this
approach it is pessible to include the effect of separation between foundation
and the soil in an approximate fashion by reducing the shear modulus of the
side layer compared with the modulus of the half-space. In another methced
(Parmalee and Kudder, 1874, Elsabee and Morray, 1977, Luco, Wong, and Tri-
funac, 1975), the foundation is assumed to be embedded in a homogeneous

medium; therefore there is no provision for the reduction in stiffness values of
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the side layer to account for the effect of foundation and soil separation. In the
first method the added terms to the impedance functions accounting for the
effect of embedment are frequency-dependent, and are different for stiffness
and damping effects in horizontal and rocking vibration. Beredugo and Novak
(1972) reported impedance functions for translation and rocking which account

for the effect of embedment using the above method.

In the second method the additional stiffness and damping terms introduced
by the effect of embedment are assumed to be frequency-independent. Static
irnpedance values are rnerely increased by a factor which is a function of
embedment depth to obtain the impedance properties of the embedded founda-
tions. Usually in this method the eflect of embedment is considered by using
similar functions for stifiness and damping terms for all modes of vibration.
These simplifications greatly reduce the cost and time required for the analysis,
but diminish the accuracy of the sclutiecn and normally predict a greater
stiffness of the systerm produced by emibedment compared with predictions

using the first method.

Lin (19B2) in a review of the advantages and disadvantages of the formula-
tions presented by the above authors, lists the different impedance functions

and presents plots comparing the predictions made by these methods.

Experimental results reported in the present study are compared with
theoretical predictions based on the formulations offered by all the above-

mentioned authors.

8.2.6. Presentation of Theoretical Results for the 2-D Model

A computer program called "2DSYS" was written which computes the

response amplitudes of a rigid circular foundation resting on the surface of a
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linear elastic or viscoelastic half-space. The program can also analyze the
dynamic response of a rigid circular footing embedded in a linearly elastic
infinite medium. For the embedded case four different formulations including
the effect of embedment were considered. These relations for the increased
stifiness and damping coefficients because of embedment effect were derived

from the references mentioned in the former section.
The analysis process consists of the following steps:

(1) Input the dynamic properties of the soil and model structure, and the
mode of analysis. The mode of analysis can be any of the following
options:

(a) Rigid foundation on elastic half-space
{b) Rigid foundation on viscoelastic half-space with viscous damping
{c) Rigid foundation on viscoelastic half-space with hysteretic damping
{d) Embedded foundation in elastic half-space

(d.1) Beredugo and Novak formulation

(d.R) Parmalee and Kudder formulation

(d.3) Elsabee and Morray formulation

(d.4) Luco, Wong, Trifunac formulation

(the above formula are listed in the report by Lin, 1982)

(2) Increment the frequency and at each value compute all the frequency
dependent terms (i.e., a, force amplitude, damping and stiffness

coefficients for the particular mode of analysis).

(3) Assemble the complex stiffness matrix of the two-degree-of-freedom

analog and the load vector.

(4) Solve the four algebraic equations for the phases and amplitudes of the

response (ie., the horizontal displacement of the center of gravity and
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the rotation of the block about its center of gravity). Repeat steps 1 to
4 and derive the solution for the range of frequency of interest.
Theoretical response functions derived from this analysis can be com-
pared with the response curves derived for the experimental data in

Chapter 7.

Repeat the same procedure used for experimental data in Chapter 7 to
derive resonant frequencies and damping ratios for the theoretical
data. That is, using the system identification program described in
Chapter 7. derive the best fit of the response of a single-degree-of-
freedom oscillator te the theoretical amplitude-frequency curve of the
tower at the fundamental resonant frequency of the system. The damp-
ing and frequency of the fitted oscillater will then be compared with

experimental data of Chapter 7.

There are some particular features of the input data that need to be addressed

at this stage. These features include,

(D

(2)

(3)

Since the above theory is only valid for a semi-infinite medium, a
theoretical analysis was not carried out for the tests on the effect of soil
depth. Therefore, only results of tests with maximum soil depth were

thecretically checked.

Since the theoretical model is linear amplitude of the generalized dis-
placement vector will vary as a linear function of load magnitude. Thus,
tests on the nonlinear effect of increasing load amplitude were not

modeled theoretically.

Damping ratios employed in the analysis were derived from the damping
values measured in low amplitude resonant column tests (strain <

10™*). These values varied from approximately 1% for high confining
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teretic damping ratic was used in the analysis of all model towers. Only

in the meodelling of one test, was viscous damping used in the analysis.

(4) Mean confining stress in the soil supporting the tower was derived in the
same fashion as described for the 1-D simple oscillator analog {Section

B.2.1).

(5) Poisson's ratic was taken as 0.3 and the shear moedulus was obtained
from data in Table 4.2 for test 1 of the resonant column tests. Mass,
mass moment of inertia, and height of center of gravity for the models

were all found from Table 6.2 and the tables in Chapter 7.

8.2.8.1 Theoretical Values of Resonant Frequencies

Theoretical values of resonant frequencies for the fundamental mode of
rocking-sliding are tabulated in Table 8.3. The test numbers are in groups

related to each parametric study (i.e. tests studying the effect of foundation

size, the moment of inertia, and the ratio lrE). Also included in the table are

I
the experimental values derived for the resonant frequencies and damping
ratios. Overall comparison of the theoretical and measured resonant [requen-
cies shows that theory will always predict resonant frequencies of the
foundation-soil system about 15% te 55% higher than the experimental values.
It is observed that agreement between theoretical and experimental results gets
worse as the size of foundation or the embedment ratio increases. This means
that changing foundation—s.oil parameters in order Lo increase the stiffness of
the system will not produce an increase in the resonant {requency as appreci-
able as that predicted by theory. The probable reasens for this discrepancy

beween theoretical and experimental data will be discussed later in this chapter.
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The damping values show a cleser agreement between theory and experiment.
The uncertainty in exact damping values, measured by the resonant ceolumn
tests, and their scattered variation with confining pressure suggests that a value
of 2% to 5% for hysteretic damping ratio of soil will yield the correct damping
contribution to the soil-structure system. Figure 8.3 depicts the response
amplitude of the theoretical solution for a model tower resting on the soil sur-
face {theoretical modelling of Tests 19 and 11 to 14). Material damping was not
included in this case and loss of energy in the model occurred because of
geornetrical damping only. Figure 8.3 and Table 8.2 show that the second meode
of rocking-sliding vibration is extremely damped, while damping for the funda-
mental mode of vibration is very small. Therefore, introduction of rigid boun-
daries around the soil mass in the centrifuge tests will not affect substantially
the geometrical damping of the fundamental mode of the system. However,
geometrical damping in higher rocking-sliding modes will be reduced
significantly by the presence of the rigid boundaries. In addition, the srmalil
value of radiational damping for the modes of the bounded soil-foundation sys-
tem, emphasizes the importance of inclusion of material damping in response

amplitude analysis.

A comparison of theoretical values of resonant frequencies in Tables 8.1 and
8.3 shows an excellent agreement between the calculated values using either the
1-D lumped-parameter model or the 2-D lumped-parameter one. The resonant
frequency values in Table 8.3 are a little smaller because of inclusion of the
material damping. Therefore the simple 1-D analog will produce approximately
the same results as the 2-D meodel in predicting the fundamental resonant fre-

quency of the model or prototype.
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Table 8.3. Comparison of Theoretical and Experimental Results for the
2-D Lumped Parameter Analog

Test No. Theory Theory Exzperiment Experiment
fhHz) £(®) tn (Hz) £ (=)
b+l 3.93 2.13 2.25
B 2.32 2.7 1.8
7 3.18 1.8 1.80
10 2.19 1.8 1.5 3.0
11 2.82 1.8 1.70 2.5
12 3.89 2.2 2.00 3.0
41 3.20 2.0 2.35 3.0
43 1.80 1.7 1.85 1.0
44 2.58 2.0 1.90 4.0
29 3.07 2.0 230 2.8
31 4,13 2.5 2.68 3.0
82 3.88 2.2 2.50 3.0
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8.2.6.2 Comparison of Experimental and Theoretical Response Amplitudes

Figures 8.4 and 8.5 compare the response amplitudes derived by the theoreti-
cal model and the experimental observations in Test 18. Both viscous (Fig. B.4)
and hysteretic damping (Fig. 8.5) were considered. The diﬁerence between the
theoretical response amplitudes with the two different damping types was negli-
gible and therefore only hysteretic damping was considered for the rest of this
analysis. It is observed from the figures that inclusion of material damping does’
not considerably influence the values of resonant frequencies but it does cause
a big change in the amplitude of motion. Therefore the major reason for the
observed discrepancy between theoretical and experimental results is the
stiffness of the systern which is much higher in the theoretical model. The
amplitude of experimental response curve is in good agreemént with the ampli~
tude of theoretical model with about 0.5% hysteretic damping ratio. The second
rocking mode in experimental data, produced by the boundary effects, is not
observed in the theoretical response curves since the model assumes a semi-

infinite medium.

8.2.8.3. Theoretical Modal Analysis

A method similar to the one in Chapter 7 was used to calculate the theoreti-
cal amplitude contributions of the base translation and the rigid body rotation
about an axis through the base, to the total displacement of the tower top.
Results of these calculations for a few test models with different physical pro-
perties and different loading conditions {different positions of the applied hor-
izontal force) are shown in Figures B.6 to B.12. A comparison of these figures
with Figures 7.46 to 7.52 shows that theory and experiment are in good agree-
ment in predicting the contribution of the iranslational and rotational motions
to the total amplitude of the tower. In addition it is shown that assuming the

fundamental mode of vibration as a purely rotational motion about an axis
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passing through the center of the base is a reasonable assumption. Maximum
predicted contribution of the translational motion to the total displacement of
the tower top is observed for Test 80 where the horizontal force was applied
directly to the footing top surface and not to the tower top as in the other tests.
In this case the applied load is closer to the footing base and consequently the
moment amplitude with respect to the base is much smaller compared to the

case where the horizontal force is applied to the tower top.

B.2.8.4¢ Theoretical Resuits for Embedded Footings

Except for the theoretical results derived from the Novak and Beredugo for-
mulation all other formulations resulted in very high resonant {requencies com-
pared with experimental values; therefore they will not be discussed here. The
theoretical resonant frequencies for the models of Tests 84, 65, 66, and 87
assuming the same material for the side layer as the half-space were derived to
be: 4.0 Hz, 4.77 Hz, 5.3 Hz, and 5.8 Hz respectively compared to the experimental
values in Table 7.B. This shows a great difference between individual theoretical
and experimental resonant frequencies, but the percentages of increase in fre-
quencies because of embedment are close in the two cases, i.e. 37% increase
from theory compared with 27% increase in experiments from 0 embedment
ratio to 1.5. If it is assumed that the shear modulus of the side layer is half of
the value for the haif-space then the theoretical values will be equal to 4.0 Hz,
4,47 Hz, 4.77 Hz, and 5.10 Hz respectively. In this case theory will predict only
25 % increase in resonant frequency for the largest depth of embedment which
is in good agreement with the experimental result. Figure 8.13 shows the ampli-
tude response curves for the tests 64 to 87 as calculated theoretically by the
Novak and Beredugo formulation (see Chapter 4 for the soil and Table 6.2 for

the model properties respectively). I{ is observed that the amplitude of
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vibration decreases considerably from 0 (surface footing) to 0.5 embedment
ratic. From 0.5 to 1.5 embedment ratic amplitude decreases gradually at a
slower rate than the initial reduction from surface footing to embedded ocne.
This shows that there is a large increase in the radiational démping ratic when
the footing is embedded in the elastic medium. Figure 8.14 compares the exper-
imental results shown in Figure 7.30 with theoretical predictions using the
Beredugo and Novak formulations for the two cases of Gg/G = 1.0, and Gg/CG =
0.5 {(here Gg and G represent the shear modulus of the side layer and the half-

space respectively).

B.2.6.5. Theoretical Resuits for Foundations of Different Sizes

Figure B.15 shows the calculated response curves for three foundations with
different sizes. The soil-foundation parameters and particularly the three
different footing sizes used in these theoretical calculations are the same as
data in tests 41, 43, and 44 (see Tabl. 6.2). Therefore, the theoretically calcu-
lated resonant frequencies from Figure 8.15 can be compared with their experi-
mental counterparts in Figure 7.22 (or Tabl. 7.2). The theoretical results in gen-
eral predict the same trend of behavior as experimental ones but they show a
much higher increase in resonant frequencies with increase of foundation size
compared with experimental results. Amplitude of vibration decreases consider-
ably as the footing size increases. This shows an increase in geometrical damp-
ing ratio when {ocoting dimensions become larger. Note that there was no appre-
ciable change in amplitude of motion for the corresponding experimental
results. This is mainly because of uplift and nonlinear behavior of the footing-
soil system which prevents appreciable changes of the geometrical damping.
The interference of the rigid boundaries of the soil bucket reducing the

geometrical damping of the system is another reason for the above-mentioned
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phienomenocn.

8.2.6.86. Reasons for Discrepancy between Predicted and Measured Results

There are several reasons for the difference in theoretical and experimental

results: these are:

(1

()

The permanent deformations (settlement and tilting of the tower)
observed in many steady-state forced vibration tests and in the tests
involving shaking the bucket suggests that plastic deformation was

sufficient to soften the soil and reduce its effective elastic modulus.

Reduction of the pressure amplitude at footing edges during large
amplitude vibration at resonance in steady-state forced vibration tests
and at the beginning of some transient pulse shaking tests is a sign of
lift-off and separation of the foundation from the scil surface. Evi-
dently lift-oIf will reduce the natural frequency of the structure. This is
in great contrast to the elastic haif-space theory which assumes a rigid

bond between footing and half-space.

In the case of embedded foundations separation of footing and soil
around the sides will drastically diminish the effect of embedment.
Thus the major contribution of embedment is the increase of the
confining pressure under the footing particularly at the edges because

of overburden soil pressure.

The value of shear modulus employed in the theoretical analysis has a
great influence on the results. The critical choice of the confining pres-
sure for which the shear modulus is calculated or measured determines

the reliability of the results. The actual stress distribution under a

footing and with soil depth is very complicated and diflerent from
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theoretical prediction. Because of large local effects in rocking mode
due to: i) uplift; ii) yielding of the contact soil; iii) shaliow dynarnic
"pressure bulb” (produced by ‘constructive interfe;rence’ of downward
propagating waves); and iv) disturbance of the near suface soil layer;
estimating a reliable value for soil strength is very difficult. Therefore,
it is suspected that a reasonable value of shear modulus for soil in the
half-space model can be used. It was also seen that reduction of shear
modulus by using a single factor in order to match the theoretical and
experimental results is not possible. Under special conditions where
uplift and plastic deformations are particularly absent, some approxi-

mate methods such as what was suggested by Morris can be used.

Therefore, the elastic half-space model is not an adequate theoretical tool for
analyzing the foundation vibration problem in most practical conditions of
interest and rmore rigorous methods of analysis and seil stress-strain constitu-

tive models are required.

8.3. SUMMARY AND CONCLUSIONS

This study has been concetrned with the the effect of different foundation-soil
parameters on the response of rigid foundations of different shapes subjected to
random pulse shakings or steady-state forced vibration. Experiments on
different model structures were performed in a gecotechnical centrifuge, thereby
simulating the true behavior of prototype foundations of reasonable size. Effect
of depth of the soil supporting the foundation, foundation shape and size, mass
mornent of inertia, load amplitude, and depth of embedment were the major
parameters studied in this report, Tower structures of different shapes, size

and mass were built for this experimental study and were used in the above
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parametric studies. All models were rigid since the main goal of the study was
to determine the dynamic behavior of the foundation and not the structure.
The diameters of the model footings were in a range of 2.0 to 3.0 inches in model
scale corresponding to 4.2 feet to 8.25 feet the prototype. Model structures were
placed on a bed of dry, dense sand called Nevada Fine Sand. Properties of the
sand were measured in a series of resonant column tests and ultrasonic wave

propagation velocity mmeasurement experiments.

Before starting the centrifuge experiments a number of tests studying the
dynamic behavior of foundations on a large piece of foam rubber simulating the
elastic half-space were perforrmed. These tests were conducted in the soil
mechanics laboratory at lg gravitational acceleration and served as an initial

effort to understand the foundation vibration problem.

In the centrifuge tests free vibrations of the models were measured in two
ways: 1) by detonating a small amount of explosive powder on the tower top
(active loading), and 2) by shaking the whole soil bucket with centrifuge in flight
(passive loading). In addition a comprehensive paramstric study was performed
in a series of steady-state forced vibration tests using a tiny but powerful air-
driven shaker. Accelerations and displacements of the tower were measured
using a number of transducers so that response curves, and mode shapes of the
systern and dynarmic characteristics of the scil-structure interaction problem
could be derived. Dynamic and static pressure distributions under surface and
embedded foundations were measured. The experimental results were com-
pared with the solutions of linearly elastic and linearly viscoelastic haif-space
theories and the reasons for discrepancies between theoretical and experimen-

tal results were discussed.

The following conclusions were learned from the experimental results and a
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comparison with elastic half-space and viscoelastic half-space theoretical solu-

tions.

.{-'/Experimental results in many cases accorded with intuition except in
case of the soil depth effect where it wds learned that in large amplitude
” rocking vibration of a tall structure resting on the soil surface the
vibration effect is very much local and change of depth does not appre-
ciably affect the resonant frequency of the structure. ;I‘herefore for
narrow slender structures vibrating in their fundamental resonant fre-
quency in the rocking-sliding mode of vibration, the zone of vibration
influence under the foundation is small. This is because the {oundation
mat of a slender structure has a greater tendency to uplift, resulting in

a greater separation of the soil and foundation.

(2) Lift-off, yielding of the soil, imperfections of the model, and scil inhomo-
geneily account for the major differences between theoretical and
experimental results. These factors, which have great influence on the
behavior of the vibrating system, have not been included in analysis by
most of the theories available at present. Therefore in order to fill the
existing gap between theoretical and experimental predictions, develop-
ment of an analytical or numerical method capable of considering the
above effects is essential. Most theoretical work assumes none of the
above phenomena are important in small amplitude vibrations such as
vibration problems in machine foundations. However, from the test
results it was concluded that even under small amplitude loading, after
many cycles of vibration, the foundation will lift off the soil and this will
cause a reduction in the natural frequency of the structure; this is

often beneficial to structural response during severe ground shaking.
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(3) Differences between theoretical and experimental results were more
than what was reported in other experimental studies cited in this
report. In part this was because of the lift-off effect and also because of
higher amplitude loading in the tests which should be of more interest
to those researching in earthquake engineering fleld. It was observed
that it is impossibie to match the theoretical values of resonant fre-
quencies for both surface and embedded footings to experimental
values by just considering a single factor multiplied by soil shear
modulus and reducing its value. Therefore, a more logical way of inter-
preting and reducing the discrepancy between the theoretical and

experimental data is necessary.

To this end it is recommended that future experimental and theorstical
research be centered on more realistic foundation-soil behavior, that is, to
include the effect of lift off, nonlinearity, and inelastic soil behavior in the
analysis and experimental studies. At present, for example, an extension of the
Winkler foundation model to problems involving the dynamic response of foun-
dations is capable of including the effect of lift-off and yielding of the soil; this
has been used in some recent research. Such a model is recommended in con-
trast to elastic half-space theory when the probability of foundation lift-off and
yielding in the soil is high. The other powerful theoretical tool is the finite ele-
ment technique. The finite element method can incorporate inhomogeneity,
anisotropy, advanced soil constitutive models, and the contact conditien
between soil and footing. It is also of interest to extend the above experimental
research to 'cases where different scoil conditions are studied ie., loose and

saturated sands and other soil kinds, in particular, clays.

It is expected that the results and conclusions of this study will be a guide in
development of new theories emphasizing the inclusion of real soil behavior and
other realistic features of the foundation vibration problems described in this

report,
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APPENDIX A

SCALE MODELING

For a model {o behave like its prototype counterpart, it should be similar to it in
various ways. These similarity conditions can be derived systematically as the
output of a dimensional analysis {Bridgman. 1931). The following sections out-
line a summary of dimensional analysis and its application to scale modelling
theory.
Al. Dimensions, Homogeneous Egquations, Dimensional Analysis

Physical phenomena are described by making use of quantities such as rass,
acceleration, force, stress, temperature, viscosity, etc. These can be described
in terms of three primary quantities; mass (M), length (L), and time (T). How-
éver, using Newton's second law of motion viz. Force = Mass x Acceleration, cone
can alternatively use force (F), as one of the primary quantities instead of mass.
Once a set of primary quantities is chosen, all the others (i.e. derived quantities)
can be expressed, from their definitions, in terms of primary quantities. The
expression for a derived unit of measurement in terms of the prirnary units is
called "dimension of the physical quantity”. Table A1 gives the dimensions of
various physical quantities of interest in modeling of geotechnical problems. In
a dimensionally hoemogeneous equation every term in the equation has the same
dimensions as the other ones. Thus the equation does not depend on the units

of measurements. All physical equations are dimensionally homogeneous.

According to "Buckingham's w Theorem"”, if there are n variables which
govern a certain phenomenon and f these variables invelve m primary quanti-
ties, then the phenomenon can be described by {n-m) independent dimension-
less parameters. A dimensionally homogeneous equation among these n vari-
ables can be reduced to a relationship between the complete set of {n-m) dimen-

sionless products.
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TABLE A.1

DIMENSIONS OF PHYSICAL QUANTITIES

Quantity Dimensions Quantity Dimensions
Displacement, Length L Momentum MLT!
Velocity LT™! Angular Momentum MIRT-!
Angular Veloeity T™! Eastic Moduli MLIT?
Acceleration LT Pressure, Stress ML™IT2
Angular Acceleration T-%  Strain MSLRT®
Mass Density ML  Torque MIPT?
Force MLT™ Surface Tension MT-2
Specific Weight ML®T? Dynamic Viscosity ML-iT-!
Work of Energy MIPT®  Kinemstic Viscosity 17!
Power ML®T™?  Heat ML?@™2
Period T  Specific Heat [FO2T !
Frequency T!  Coefficient of Consolidation L2T-!

Note: in the above table primary quantities are mass [M], length [L], and time [T).
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AR. Application of Dimensional Analysis to Modeling

As the first step in model testing, physical quantities influencing the solution
of a problem should be identified by writing the equations governing the
behavior of the system or if this is not possible they should be guessed by intui-
tion. Next, using dimensienal analysis theorems, a relation between the
independent dimensionless parameters formed by the problem variables rnust
be constructed. This equation governs the behavior of both model and proto-
type whatever the units of measurement. The dimensionless preducts (usually
called m-terms) are represented by my, g, 773, ete. If m is the independent vari-
able and the others are the dependent ones, then the dimensionless equation

for model and prototype can be written as (Housner and Hudson, 1950)
Trlp = f(ﬂ'gp, Tfap, ) (Ai)
Tim = H{Tem Tom, ) ‘ (A.2)

where subscripts 'p’ and 'm’ refer to prototype and model respectively. For the
two systems, model and prototype, to be physically similar the arguments of { in
these two equations rmust have equal values in model and prototype. These
equations will lead to similarity conditions, which dictate the requirements for
design and method of testing of the moedel. A direct application of this tech-
nique in deriving moedel ratios for general geotechnical and especially centrifuge
modelling tests is presented next.
A3, Ezample

It is intended te design and test a model structure resting on scil teo study
the problem of deflection and stress distribution in it under the combined effect

of its own weight and other applied stresses (Panek 1952, Hoek 1965).

From the knowledge of strength of materials we know that in general, for a
structure in a state of thermal and static equilibrium, and behaving within its

elastic limits, deflection u and stress o at a point of interest depend on the fol-
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lowing groups of variables:
1.) Geometry of the structure
Other than variables x, y, z for the location of the point at which
deflections and stresses are desired, other variables related to
geometry are defined by:
L : a characteristic length dimension specifying size and shape of
structure.
h/L, w/1, ete. : group of ratios of other dimensions te length dimension
L.
2.) Structural material
These variables for the case of a linearly elastic isotropic material can be
defined by: |
E : modulus of elasticity
(o Poisson’s ratio
7: unit weight of the material

It the structure includes more than one material, the cthers may be specified by

the dimensionless ratios L E—; ete.; y;'_. /“L— iL
E"E 7N
3.) Applied stress conditions
Stresses in a body other than those generated by gravity forces are defined by:
P: e;{ternally applied load.
R : externally applied stresses,
g, internal stresses.
U, imposed displacement on a part of structure.

Other loads, stresses, and displacements may be specified by a set of dimensicn-

1] b ' ) Feg i g "
less ratios such as PF %—» %_, % ..... U': . ;o :

..., eto.

The above 13 physical quantities including stress ¢ and displacenient u can be

derived from two primary quantities force and length. According to Buckingham
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theorems a series of 13-2=11 independent dimensionless parameters can be
formed from the above variables. Taking L and E as the repeating variables in

the dimensionless groups the following set will result:

X ¥y z % oL Q
L

L8 P Q g %
'L'L'L'L'E EZ'E'E EH

Note that Poisson's ratic p was already dimensionliess.

The governing dimensionally homogeneous equation containing all variables

will be
b BB 77
f(xlylz!ulLl Ltth’ IE' E 12 E L} "yl 7’ 7 1 9
' " P' E_ O’ UO“
7N T T 7,Q, 0o, 4o, P PP e a,
Q_'._‘ ..QL.I - i! Yo v ) =0 (A.3)

(the above variables appear in dimensionally homogeneous arguments in the
equation) or in terms of the dimensionless products, displacement u and stress

o are defined by equations

' 7] Q Go uo P P' P"
Wl L REE PP e ] (A4)
9 -grXxy P P P
Gacl AL LB B (A5)

in which F and G are undetermined functions.

For similarity of moedel and prectotype we equate the arguments of these

functions for both systems. Through equating the ratios ‘—E—, Q. ... We require

L, and -z-rneans that

geometrical similarity of the systems. Equal values of %- T I
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stresses and displacements are desired at similar points in the model and proto-

’ Tt

type. Equality of stress and load ratios -1;— % ete, requires similarity of load

and stress distributions throughout the two systems. Also, ratios

JTNT TN E B and 71 % .., should be the same for both systems, which

means that the distribution of material properties must be the same in the

model as in the prototype. Finally equating the remaining dimensionless

L P Q% U

E ' RZ B B I for both model and prototype we arrive at

groups, Le.,

following model ratio relationships

Length % = % g’—; (A.6)
P, 1 E

Force = %- o (8.7)

Stress D _ e _ 5 (A.B)

Qm Im E

Displacement -3:°E¥: % . (A.9)
lyal

Having all arguments of the functions F and G equal for model and prototype

then,
—%ﬁ- = 'g—ff (A.10)
i}= “ﬁ (A.11)

Once two of the model ratios are arbitrarily selected, scale factor of medelling
for the rest of physical quantities of interest will follow from the definition of
their dimensions or from equations (A.6) to (A.9). If the model material is ident-
ical to prototype material (ium = ip ; Em = Ep; pra = pp. Where p is mass density of
the material) and the model is subjected to an artificial gravitational accelera-

tion N.g in a centrifuge (g is gravitational acceleration and N is the scale factor)
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then:

}1: et —--------' = ——— T
T N (A1R)

P, _ 1

P - 2. N3

P LZ N (A.13)
P Fop Ep

= = —=—=1 Al4
Qm Tom Ewm ( )

Sop _ Ly

—P - P

Vo I N (A.15)

Thus by the use of centrifuge and scale models manufactured of the proto-
type material, stresses and strains are identical to those in the prototype at
homologous points. Therefore, for a nonlinear anisotrepic hysteretic and inelas-
tic material such as soil, it is also sxpected that the moedel will follow the proto-

type behavior.

Dynamic time scale:

In the case of dynamic testing similarity conditions for forces must hoid true
for inertia forces as well. The extra variables in this case are the externally
applied acceleration a, the time i, and gravity acceleration g. In this case the
primary quantities are force, length, and time, so there are three independent
variables {m = 3), and sixteen dependent ones {n = 18). The number of indepen-

dent dimensionless groups will be thirteen (n - m = 13), thus, two more dimen-

sionless products will be added to the former list. These can be for example z—

2
and %2-% We can equate any of these two dimensionless parameters in the model

and prototype, for example equating the second term

L2 LE‘.
[zs%]m = {r%] (4.16)

from which
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tn _ [pm B [ L
t.p"[pp Em} L (A.17)

Using a centrifuge model made from the same material as in the prototype and
subjected to N.g centrifugal acceleration, the time scale for dynamic model

tests will be

tm Loy 1
L= 2= 2. or =N-t (A.18)
p Iy N 7T
and the frequency scale is
Eiﬂ.—lm:N or Qm:N-Q)p (A19)
©p

where @ is the angular frequency.

Consolidation time scale (Rﬁwe, 1975):

In order to simulate consclidation process and water diffusion through seil
structure the consolidation time factor T should be identical in the medel and

prototype. The time factor T of one-dimensional consclidation is defined by:

7= Sete (A.20)

(nH)?
in which
c is the coefficient of consolidation
t is the consclidation time
H is the height of the layer under consolidation
n is the number of drainage boundaries (1 or 2)

The time factor T must be constant namely
2 = = (A.21)
[ > O H? |,

H
For the same soil and a length scale factor —& = N, it will reduce to
m
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ttzm = ﬁz— or te, = N% tem (A.22)
P

Which means that the drainage time in a centrifuge soil model is N times

shorter than the time required in prototype.

In this study dynamic tests on model structures resting on dry sand were
performed which requires inclusion of only the dynamic time scale, while conso-

lidation time effects were absent.
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APPENDIX B
RECORDED TRANSDUCER DATA

The digitized transducer data recorded at different frequencies of vibration
during Test 64 are plotted and presented in this appendix. At each frequency 8
transducer signals are recorded, 2 accelerations (Channels 1 and 2}, 2 displace-
ments {Channels 3 and 4), and 4 pressure signals {Channels 4 to 8). To the left
of each plot the abbreviated name of the signal is shown (see Chapter 8 for
definition of the signal name). The total time length of each record in prototype
scale is printed to the right of the plot. Approximate value of the frequency of
each record can be estimated by dividing the number. of cycles by the time
length of the record. The total number of frequencies at which the data were
sampled is 21. Note that at some of the sampling frequencies all the signals are
not plotted. This is because their amplitudes were very small compared with
other signals, and they were comparable to the magnitude of electrical noise
present in the signal. The main reason for plofting the raw data was to check
their contents before further data processing. Few real time analog records
were usually plotted during each test to provide a mean for checking the digi-

tized data.
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APPENDIX C
DISPLACEMENT PATH OF THE TOWER TOP IN HORIZONTAL PLANE

In this appendix the actual path of tower top motion in the horizontal plane
(plane parallel to soil surface) during steady-state rocking-sliding vibration is
shown., The X-Y plots in the next few pages show the motion of the tower top at
different frequencies during Test 84. In these plots horizontal axis represents
the displacement in D1 direction (main direction of rocking) and the vertical
axis is the displacement in D2 direction (normal to the main direction). Relative
amplitudes of displacements in the normal directions D1 and D2 are sufficient to
produce the path of tower top motien. Therefore, having similar scales for dis-
placement components on X and Y axes, absolute values of displacements are
not required. As is observed from the figures amplitude of tower motion in D1
direction is much bigger than amplitude in D2 direction before and during first
resonant frequency. However, close to resonance in DR direction, amplitudes of
tower top displacemen.t components are comparable in size. Note that the path
of motion is approximately an ellipse. The approximate angle between direction
of applied force and displacement transducer axes can be derived from the
plots. Chapter 7 presents a detailed discussion regarding the reasons {or the

approximate elliptical motion of the tower top.
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