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SUMMARY

The main purposes of this thesis are: (1) to develop new experimental
laboratory technique for study on stress wave propagation through soils; (2)
to investigate the wave characteristics in soils and to offer the useful data
of dynamic properties of soils for earthquake response analyses of a ground
and design of foundations of machines; and (3) to develop methods for ana-
lyzing the earthquake response of an inhomogeneous ground.

Much efforts have been directed toward the development of the shock tube
technique for studying the stress wave propagation through soils. In order
to measure the dynamic soil strain, the condenser-type soil strain meter is
devised by the author. The experimental apparatus of the shock tube technique
has been accomplished with various measuring systems enough to observe
accurately aspects of wave characteristics in soils.

The dynamic modulus of elasticity is calculated from the velocity of
wave front and considered with respect to the void ratio and the confining
pressure of the soils. The relationship among the modulus, the void ratio
and the confining pressure agrees with those obtained from previous studies.
The attenuation of stress wave is considered with respect to the stress or
strain amplitude. It is confirmed that when the stress or strain amplitude
is less than a certain 1evg1, the attenuation with distance is scarcely
Tittle. This stress or strain level corresponds to 20-25 % of the comp-
ressive strength of the soil or to 0.1 % strain, respectively. In the range
of this strain level, the soil is assumed as the spring-Voigt model and its
viscoelastic constants are obtained from the experimental results.

The approximate method for analyzing the earthquake response of an in-
homogeneous ground is developed on the basis of multiple reflection theory

of waves. By this technique, the response of a particular inhomogeneous
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elastic soil layer can be calculated simply with a satisfactory accuracy and
short computation time. The numerical examples are given for Osaka ground
site and the results are examined with respect to maximum accelerations and

shear strains in the ground.
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NOTATIONS

A cross sectional area of a conductor(in Chapter 2)

A stress amplitude(in Chapter 4)

Ag s A amplitudes of sinusoidal steady-state displacement at base rock
and surface

A amplitudes of stress wave at reference-point and at arbitrary
distance from reference point

A(z)(A(g))function of transmission coefficient

B(z)(B(g))function of reflection coefficient

C, €y, .C

2
Css Cys
a+ g
Cs Cps
c, electrostatic capacities
Ci(x) cosine integral
CQ, QR constants
D spacing of two conductors
D, descending wave in ith layer
D(t, x) descending wave in inhomogeneous soil layer
E Young's modulus or spring constant in viscoelastic model
E' constant of free spring in spring-Voigt model or Burgers model
E, chord modulus
E, dynamic Young's modulus
E, initial tangent modulus
E static modulus of elasticity

F(e) F'(e)functions of void ratio

F(e) function of strain

e shear modulus(or Lamé's constant)

Gd dynamic¢ shear modulus

G, shear modulus of ith layer

Ga specific gravity
G(x)(G(g))distribution function of shear modulus
H thickness of inhomogeneous soil layer

A thickness of ith layer
JIL{%—,t)initial compliance

K bulk modulus

M modulus of deformation
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..Fourier transformations of Uy

specific dissipation function
degree of saturation

sine integral

dimensionless rise time

a time

prominent period

~displacement component of fluid(in Chapter 4)

ascending wave in ith layer(in Chapter 5)
ascending wave in inhomogeneous soil layer

. Fourier transformations of ul(tL cen
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Fourier transformations of uc(t), uB(t), ux(t)

electric voltage

phase velocities of compressional and shear waves

phase velocity at infinite frequency of compressional wave of the
second kind

phase velocities at zero frequency of compressional and shear waves
phase velocities at infinite frequency of compressional and shear waves
potential energy stored per cycle

energy dissipated per cycle

real and imaginary parts of complex modulus

a constant(in Chapter 2)

amplitude of sinusoidal steady-state displacement of incident
motion(in Chapter 5)

dimensionless frequency

a coefficient

velocity

velocity of compressional wave

velocity of rod wave

velocity of shear wave

shear wave velocity in ith layer

group velocity

phase velocity of rod wave at zero frequency(in Chapter 4)
shear wave velocity at ground surface(in Chapter 5)

(x)( e (g)) distribution function of shear wave velocity

phase velocity
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volumetric strain

void ratio

component of strain tensor

dilatations of elastic structure and fluid

frequency

memory function

normalized distribution function of shear wave velocity
acceleration of gravity

a functional value

damping ratio

_ imaginary unit

a constant(in Chapter 2)

ratio of spring constant of Voigt element to free spring in spring-
Voigt model(in Chapter 4)

porosity

consolidation pressure ; total pressure acting on fluid per unit
area of cross section of porous material(in Chapter 4)

effectfve confining pressure

pre-consolidation pressure

unconfined compressive strengths

triaxial compressive strength

radius of rod

shear strength

- time

rise times of input wave and wave at a certain distance
displacement

displacement component of solid
displacement

displacement vector

earthquake motion at ground surface
incident earthquake motion
displacement in ith layer

surface motions

motions at base rock

moisture content

" coordinate

coordinate of ith layer
attenuation constant
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attenuation constants of compressional and shear waves
impedance ratio of ith layer

a parameter

reflection coefficients of ith layer

reflection coefficients at interface of base rock
dry density

specific mass density of fluid

amplitude of shear strain

transmission coefficients of ith layer

transmission coefficient at interface of base rock
component of deviatoric strain tensor

shear strain at arbitrary depth
logarithmic decrements of compressional and shear waves
logarithmic decrement

normal strain

strain rate

dilatation

major principal strain
dielectric constant

specific dielectric constant
strain at time T

fluid viscosity

square of ratio of phase velocity at zero frequency to that at
infinite frequency of rod wave, compressional wave, shear wave
in spring-Voigt material

Lamé’s constant ; wavelength

rheological constant of dashpot in viscoelastic models
Poisson's ratio

dimensionless distance

mass densities

masses of solid and fluid per unit volume of aggregate
additional apparent mass

additional mass

mass densities of solid and fluid

density of ith layer
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plx) distribution function of density in inhomogeneous soil layer
T! dimensionless stress

o normal stress

o, amplitude of cyclic stress

97 O3 principal stresses

oé mean effective principal stress

o(e, t) stress at time ¢

O component of stress tensor

1 dimensionless time

oy g time constants of compressional and shear waves
T, . amplitude of shear stress

T traveling time of wave in ith layer

Ty relaxation time of Maxwéll model

% retardation time of Voigt model

Tey time constant of spring-Voigt model

g phase characteristic at ground surface
¢ wave number

x(x)(x(g))distribution function of characteristic impedance
¥ specific damping capacity

w angular frequency

w characteristic frequency

aé' component of rotation

» rotation of displacement vector u

v2 Laplacian
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Chapter 1 Introduction

1.1 Introduction

Japan is located in the seismic zone around the Pacific Ocean and has
experienced many strong earthquakes. On all such a strong earthquake, a
great many of lives, houses and civil structures have been sacrificed.
Furthermore, the concentration of population, business and industry into a
few great cities has promoted the increase in the damage potential of earth-
quakes. In the field of seismology, the source mechanism and the prediction
of occurrence of earthquake and its magnitude are mainly investigated from
the viewpoint of the "prediction of earthquake". On the other hand, from
the viewpoint of the "minimization of earthquake damage", the studies on the
development of the rational design of the earthquake resistant buildings and
the accurate prediction of the ground motion are desired in the field of
earthquake enaineering, However, because of the complexity of dynamic
behaviors of soils and the highly irregularity of geometrical configuration
in surface layers, there are many unknown factors in analyzing the earth-
quake response of grounds compared with the analyses of the upper struc-
tures.

The prosperity of traffics and the expansion of highways have been
rapidly continued.as the growth of economy in our couﬁtry. As a consequence,
some highways are unavoidably constructed into a town and near a residental
section. These circumstances cause that noises and vibrations from the
traffics trouble inhabitants in the neighborhood of the highways. Also,
sometimes the vibrations from machines trouble mankinds. Therefore, in
constructing the highway and the foundation of machines, we must be careful
to prevent the propagation of such uncomfortable vibrations knowing the

dynamic properties and wave characteristics of the foundations.
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These phenomena are due to wave propagation through the earth ground,
and are mainly investigated in soil dynamics. In order to understand the
conditions of various problems, Ishihara's classification with the time rate
(or duration time) of loading and the number of repeated cycles is very
useful. It is shown in Fig.].l]). In order to solve the soil dynamics
problems, we must concentrate our attention on the following subjects;

(1) to observe in detail the real phenomena and at the same time to inves-
tigate the local geological configurations of the site under consider-
ations.

(2) to investfgate the dynamic behaviors of soils and establish the
constitutive equations under universal state.

(3) to develop the rational analytical method for the soil dynamics problems,
in which we can take into account the detailed local geological
configurations and the dynamic properties of soils.

This thesis discusses the fundamental approaches to (2) and (3) of the above

subjects. The first study is to investigate the dynamic properties of soil

from its wave characteristics. The second is to present the approximate
analytical method of earthquake response of an inhomogeneous elastic layer.

The problems on the wave propagation in a solid have been studied in the
field of mathematical physics and applied mechanics for a Tong time. Most
of them are based on the theory of elasticity. However, the real mechanical
behaviors of soils are far from the elasticity and the wave characteristics
are different from those in elastic body. In general, the mechanical
behaviors of soils are classified with the strain levels as shown in Fig.
1.22),

The general treatment for the wave propagation in soil is schematically
shown in Fig.1.33). Grain size, degree of saturation and void ratio are

realized as the most important physical properties of soil which are to

influence the wave characteristics. Fundamental equations in the study on
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wave propagation are equation of motion, kinetic equation and constitutive
equation. If only the wave with the infinitesimally small amplitude is
considered, the first two equations always hold. Therefore, the constitutive
equation is most important to determine the wave characteristics. In other
words, as long as the constitutive equation under universal state is not
established, it is impossible to throughly express the entire characteristics
of wave in soil. However, taking into account that the soil strain generated
by earthquakes and vibrations from traffics and machines is at most about
10'3 in order, the assumption that soil is linear elastic or viscoelastic
would not creéte much contradiction to the real situation. The author con-
siders that the behaviors of soil are elastic in the strain level less than
10'4, viscoelastic in the range of 10741073 and plastic or viscoplastic more
than 10'3. In last, under boundary conditions, a particular type of wave is
determined.

In order to investigate experimentally the wave propagation through
soils, the author has made an effort for accomplishment of a wave propagation
test in a laboratory and designed the special apparatus for the compressional
and rod wave propagation tests. In both tests, the shock tube is used as the
loading apparatus, and the propagation of stress pulse through the soil
specimens is observed. These tests are called as the “shock tube technique".
The obtained wave characteristics are examined with respect to the dynamic
modulus and the energy damping of soils. Owing to this technique, the useful
experimental data for analyses of soil dynamics problems are offered.

The other investigation in this thesis is concerned with the earthquake
response analysis of a ground. In designing the earthquake resistant build-
ings and underground structures subjected to earthquake motion, first of all
we must investigate the characteristics of earthquake motion in the site
under consideration. In general, the ground -formation near the surface is

very complicated and the dynamic properties of earth materials change with
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depth. When we take into account such a complex geological condition for

the response analysis, it is often convenient for the dynamic properties and
densities of system to distribute with the continuous function which increases
monotonously with depth. For such a special case of the inhomogeneous surface
layer, an approximate technique of earthquake response analysis is presented
and its accuracy is examined in comparison with the exact solutions. By this
technique, we can easily obtain the characteristics of an inhomogeneous

ground motion and, at the same time, calculate the transient motion on and

under the ground with a short computation time.

1.2 Review of Previous Studies

An earthquake motion involves various components of frequency between
0.1 and 10 cps. In the foundation of machines and railways, the frequency of
loading sometimes comes to 100 cps. Furthermore, in the neighborhood of an
explosion, the frequency becomes higher still more. On the other hand, the
phenomena of creep and relaxation of soils are extremely slow. Therefore, the
frequency range treated in soil mechanics is considerably wide. For the
purposes of true settlement of soil mechanics problems including soil dynamics
problems, we do not persist in studies on the soil behaviors in a particular
time region but we must contribute to make the mechanical characteristics of
soils clear over all the wide region of time and to establish the applicable
constitutive equation under the universal state.

When we consider the previous studies on the soil dynamics problems, it
is convenient to classify them into the following groups ;

(a) Studtes on dynamic modulus and damping of soils.

(b) Studies on earthquéke response analyses of ground.
The objects of the studies in (a) are to investigate the dynamic character-

istics of soils and at the same time, to offer the useful data for the earth-
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quake response analyses of a ground and for the design of foundation of
machines. While, the objects of the studies in (b) are to develop rational
techniques of the response analyses and to predict the accurate earthquake
motions of a ground taking into account the geological formation and the

dynamic properties.

1.2.1 Studies on Dynamic Modulus and Damping of Soils

4)

Hardin and Black '’ considered that the dynamic shear modulus of clay,

Gy is a function of the following factors;
Gg=T(00,s s € Hs S5 T ses A, fs t, 8, 1) (1.1)

where, 0ot denotes the effective octahedral normal stress, e the void ratio,
H the ambient stress history and vibration history, Sr the degree of satu-
ration, T ot the octahedral shear stress, ¢ the grain characteristics such as
grain shape, size and grading mineralogy 4 the amplitude of strain, f the
frequency of vibration, ¢ the secondary effect which is a function of time
and magnitude of load increment, 8 the soil structure and T the temperature.
They also reported that, especially in the case of sand, Gy is independent
of the factors except céct and ¢ in the strain level less than 10'4.
Furthermore, Hardin and Richarts) reported that the grain size, arrangement
and shape of sands at the strain level of 10'4 do not influence upon G g and
that the degree of saturation influences a little upon Gd only at low pressure
level and Gd is independent of the frequency less than 2500 eps.

The dynamic tests are classified under three major types:

(a) Direct Method. |

(b) Quasi-Direct Method.

(c) Indirect Method.

In the direct method, the stress-strain relationships are directly

-8-



obtained under various stress condition, and the appropriate modulus of
deformation is defined by the ratio of stress to strain. In this case, there
are several ways of loading; the static, repeated, rapid transient and steady-
state loadings. Also in the quasi-direct method, the stress-strain relation-
ships are directly obtained under various loading conditions, but the re-
Tationships are idealized to have certain characteristics of a suitable model,
for example, the elasto-plastic solid. The bi-linear model by Thiers and

6) and the equivalent linear model by Jacobsen7) are typical examples of

Seed
this method. In the equivalent linear model, the hysteretic stress-strain
curve under a cyclic loading is represented by the equivalent shear modulus
and the equivalent damping ratio. The entire damping ratio is given by a sum
of the equivalent damping ratio and the viscous damping ratio. Idriss and

Seed8)

introduced this concept into the lumped-mass modal analysis in order

to take into account the non;linearity of soil properties in earthquake
response of a ground. They used the value of 0.20 as the entire damping

ratio in the analysis of the ground in Niigata. Furthermore, they arranged

the many experimental data from various researchers concerning with the dynamic
shear modulus and the damping ratio with respect to the amplitude of straing).
As a consequence, they pointed out that these dynamic properties remarkably
change with the strain level and that, as increasing in the strain, the dynamic
shear modulus decreases while the damping ratio increases.

In the third method, namely the indirect method, parameters other than
stress and strain are used, including natural frequency, logarithmic decrement
and velocity of propagation of stress wave. To interpret these measurements
it is necessary to select an appropriate model or idealized medium to which
the parameters can be assigned. Examples of this method of testing include
the free vibration, resonant vibration and wave propagation tests. Especially
the resonant vibration test and the wave propagation test have played

important roles in determining the dynamic moduli of elasticity in extremely

-9-



small strain level less than 10-4. As one of the resonant vibration tests,
the method devised by Hardin is well known as the "resonant-column method"10).
On the other hand, the wave propagation test using the ultra-sonic wave is
well known as the "ultra-sonic pulse method".

By these two method, the elastic properties of soils have been investi-

gated. Hardin and Richarts)

derived the important conclusions from the
resonant-column method for granular soils that the elastic shear wave velocity
ey is only dependent upon the void ratio e and the applied mean effective

principal Stress om' and is given by the relation as
= r 0,25
e, —F(e)cm (1.2)
where, P(e) is a linear function of ¢. Also, the dynamic shear modulus is
Gy = l-"(e)cm'°-s (1.3)

[ .
where, P (e) is a function of e. These relations are very useful in estimating

4)

the elastic modulus of a soil. After then, by Hardin et aZ. ' and Marcuson

1)

et al. ', it is found out that the same relations as Eqs.(1.2) and (1.3)

also hold for cohesive soils.

1.2.2 Studies on Stress Wave Propagation

Most problems in soil mechanics can be classified phenomenologically
into three major types with its governing differential equation. The first
of all is the elliptic type differential equation represented by the steady-
state flow in a ground. The second is the parabolic one represented by the
consolidation. The third is the hyperboric one represented by the wave
propagation in soils. Akai12) has intended to clarify the characteristics
of each problem and at the same time to reveal the correlation among these

problems. There are many uncertainties especially in the phenomena of wave
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propagation in soils. In experimentally investigating the entire wave
characteristics through soils, many difficulties exist in the laboratory
test, because the wave characteristics are influenced by many conditions

such as boundary conditions, stress condition, frequency or wavelength and
,S0 on. The relation of wavelength and length of specimen through which the
wave propagates, is important in observing the phenomena of wave propagation.
That is, only when the length of specimen is long enough compared with the
wavelength, we can observe the entire phenomena of wave propagation. Because
of limitation of dimensions of specimen in a laboratory, however, the wave-
length must be shotened; in other words, the wave with high frequency must
be used. By this reason, the manner of testing with use of a stress pulse
or shock is often used in the laboratory.

Akai et az.'3)

initiated the new type of wave propagation test for the
first time in Japan. By hitting one end of the rod of clayey specimen with

" suspended horizontally by means of a small steel ball, they observed the
phenomena of wave propagation of the generated stress pulse through the
specimen, and confirmed that the wave attenuated rapidly with distance. The
shock tube technique described in this thesis modifies their technique in
order to measure more accurately the wave phenomena through soils. Throughout

3),14),18) | the instantaneous

these studies on the stress wave propagation
elasticity of soils is considered from the velocity of wave front, while the
characteristics of non-elasticity including the retardation elasticity, the
energy loss and the time dependency are considered from the attenuation of
stress wave and the change of wave form as the wave propagates. Furthermore,
these wave characteristics are considered in relation to the soil properties
and from the viewpoint of viscoelasticity]s)’17).

On the other hand, in foreign countries, the study on stress wave propa-
gation has been carried out for the purpose of designing nondestructive un-

derground structures as a military research and the purpose of mathematically
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expression of a mechanism of energy damping in soils as well as the in-
vestigation of the dynamic soil properties.

18)

Seaman studied soil behavior during stress wave propagation through
sand and clay specimens with five meter long column. Attempts were made to
predict this behavior by determining soil properties in dynamic compression
tests on small samples and by using these properties in a variety of mathe-
matical models for soil. Two theoretical soil models were analyzed in this
study; one to investigate the effect of combined time-dependent and time-
independent dissipation and another to study the effects of nonlinear stress-
strain relationships and geostatic stress. They were termed as viscoelastic
compacting model and S-hysteretic model, respectively. A comparison of wave
propagation results and of theoretical predictions based on compression test
properties showed that the arrival time of stress wave could be predicted
from the compression modulus of the soil, and that the stress attenuation
could be predicted from the dissipative soil parameters found in the com-
pression tests.

Vey and Strauss]g)

conducted the experiments on triaxial specimens of
Kaolin clay, 2.8 inches in diameter by 64 inches long, to measure the stress-
strain relationship of the soil under the loading produced by a stress wave
propagating through the specimen. Lateral confining pressures from 5 to 15
psi were used with an air shock loading on the end of the specimen from

5 to 35 psi. They found that the initial tangent modulus of dynamic stress-
strain curve was one-half to one-quarter of the dynamic modulus calculated
from the velocity of wave front.

Hampton and Wetzelzo)

studied on the stress wave propagation through
EPK clay and Ottawa sand specimens by the shock tube technique. They
concluded that the results from the experiments considerably agree with the
theoretical results by a constant tangent delta viscoelastic model in the

case of EPK clay while by a linear hysteretic model in the case of Ottawa
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sand.

1.2.3 Studies on Earthquake Response Analyses of Ground

In 1930, Sezawa and Kanai pointed out the possible effects of superfical

soil Tayers on observed ground motion52])’22).

By considering a simple
layered model, namely, two-layered strata composed of a base rock and a
superficial soil layer, they explained the possibility of prominent vibration
of the superficial layer caused by the multiple reflections of the body waves
in it. Since then, extensive research works have been carried out both

theoretically and experimentally to study this prob]em23)’24).

This approach
is called as the "multiple reflection theory of waves" or the "wave propa-
gation method". Although this approach is limited to the elasticity of the
ground, this is excellent since to be able to calculate the underground and
base rock motions from the surface record and to be simple. Furthermore,
Kagami and Kobayashizs) developed the numerical technique for the response
of the elastic multi-layered system in applying the multiple reflection
theory of waves. Also, the analyses for viscoelastic grounds based on the

26) and Tsai27).

theory of wave propagation have been carried out by Kanai
In general, the ground formation near the surface is very complicated
and also, the non-linearity of dynamic prpoperties of earth materials is
remarkap]e as increasing with the strain level. In order to take into
account these conditions in analyzing the response of a ground, Parmelee

28), and Idriss and Seed8)

et al. presented the Tumped-mass modal analysis.

As growth of computers, this analysis has been rapidly developed and today,
has become a powerful technique to analyze the earthquake response of grounds.
Since the ground is replaced by the finite discrete lumped masses and the
base rock is assumed as a rigid base, some diffrences from the wave propa-

gation method appear in the numerical results. However, the accuracy of
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modal superposition in this analysis is examined by Whitman et az.zg)

, and
the comparison of numerical results obtained by this analysis and the wave
propagation method is investigated by Arango and Dietrich30). According
to their conclusions, although the calculated maximum accelerations at the
ground surface are almost identical between two analyses, there appear-
some differences in time histories of accelerations, and the values of
stress and strain in the ground also show relatively poor agreement.

These two analyses are based on the theory of the one-dimensional wave
prOpagatioh and in most cases, its assumption is valid because the earthquake
motion is incident almost vertically to the surface soft layer at the base
rock. However, when the assumption is impossible, the three-dimensional
analyses must be taken into. For this purpose, the finite element method
will become a powerful too131).

Since the phenomena of earthquakes are strongly influenced by the
particular locality of a site, we must take into account the detailed local
geological condition and at the same time the dynamic properties of earth
materials under the considering site. Therefore, for accurate prediction of

response ground motion, it is necessary to investigate the ground for-

mations in detail and the dynamic properties of earth materials.
1.3 Scope of Study

This thesis is devoted to the study on the stress wave propagation
through soils. The shock tube technique is presented to investigate ex-
perimentally the wave characteristics of soils in the laboratory. From the
obtained experimental data, the dynamic properties of soils and the mechanism
of energy loss in them are discussed with respect to the physical properties
of the soils from a standpoint of wave propagation. Another effort is

contributed to the development of earthquake response analysis of an in-
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homdgeneous ground.

Chapter 2 deals with the condenser-type soil strain meter to meagure the
dynamic soil strain during wave propagation. The principle of operation, the
manner of calibration test and the application of this meter are described
and its sensitivities and accuracy are discussed with some examples of appli-
cation.

In Chapter 3, the experimental apparatus and procedure by the shock tube
technique are described in detail. Two wave propagation tests, the compression-
al wave and the rod wave, are performed for the soil samples of sandy loam
and silty loam, respectively. Especially for the rod wave propagation test,
the special triaxial compression chamber is used and the tests are carried
out under various confining pressures. In the considerations of wave character-
istics of the soils, the dynamic modulus of elasticity is calculated from the
velocity of wave front in the stress wave propagation, and the damping charac-
" teristics are considered from the attenuation of stress wave and the change
in wave form with travelling distance. The dynamic modulus and the attenua-
tion constants are discussed with respect to the physical properties and
the attenuation constants are discussed with respect to the physical properties
and the confining pressure, and also compared with the results of the other
investigations.

Chapter 4 is devoted to the viscoelastic approach to the stress wave
propagation through soils. From some analytical considerations such as one-
dimensional wave propagation of spike pulse through viscoelastic materials,
the spring-Voigt model is selected to follow the mechanical characteristics
of soils at small strain level. Furthermore, this chapter deals with the
comparison of wave characteristics in between viscoelastic materials and the
saturated elastic porous media treated by Biot and Ishihara, and with the
discussions on the physical natures of the defined material constants in

these media. The viscoelastic constants of the spring-Voigt model are
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calculated by using the experimental data of the rod wave propagation test
in Chapter 3, and they are discussed with respect to the confining pressure
and the frequency.

Chapter 5 is concerned with the earthquake response analysis of an inhomo-
geneous ground. The approximate analytical approach to obtain the under-
ground or base rock motion from the surface record is presented by applying
the multiple reflection theory of waves. The accuracy of this approxima-
tion is examined in comparison with the exact solusions. Furthermore, the
numerical éxamp]es of earthquake response analysis are given for the Osaka
ground and the distribution of underground accelerations and shear strains

is considered.
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Chapter 2 Device of Condenser-Type Soil Strain Meter])

2.1 Introduction

It is of great importance in the field of soil mechanics to measure
exactly local strains as local stresses in soil without any disturbance.
Since so0il stress gauge instrumentations have been developed so much, it is
fairly easy to measure stresses in natural state of the ground. On the
other hand, an appropriate instrumentation to measure local strains in soil
has not been established in this country. Especially, it has been impossible
to measure local dynamic strains in soil.

In U.S.A., soil strain gage instrumentation has been developed by IITRI
to measure transient soil deformations in both laboratory and field appli-
cations. This strain sensor consists of two flat-coil disks which are em-
bedded in soil in near parallel and concentric orientation without physical
connection between them. The remainder of the gage hardware consists of a
second set of coil disks, identical to those used as the strain sensor, and
specially designed electronic driving, amplifying, balancing, and recording
circuitly. Soil deformations are measured by the resulting changes in the
spacing of embedded coils which are sensed as changes in the mutual inductance
2)

of the coils This strain sensor is used so many kinds of soil testing,

for example, tri-axial compression testz), wave propagation studies in

soi13)’4)and so on. However, this strain sensor has disadvantages as

follows;

(1) Since the size of the coil disk is relatively large (laboratory gage:
3/4 inch in diameter and 1/16 inch in thickness, field gage: 4 inches
in diameter and 1/4 inch in thickness), soil sample seems to be con-
siderably disturbed in embedding the coil disks, and

(2) the equipment is expensive.

Nishigakis)emphasizes that the measurements of microscopic strain are
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very important to obtain the elastic constants of soils and tries to paste

a strain gage on the side of soil sample of unconfined compression test.

By this procedure, he obtains Young's modulus of clay in microscopic strain
level. This procedure is very available with relatively stiff clay such as
diluvial clay but unavailable with sandy soils or relatively soft clay such

as alluvial one.

The condenser-type soil strain meter in order to measure the one-
dimensional soil deformations during stress wave propagation has been devised.
This type of strain meter has been used in the air but has not been used in
soil as a dielectric substance. The advantages of this type of strain meter
are as fol1ow56);

(1) able to measure such a large strain that cannot be messured by strain
gages,

(2) able to measure strains as well as displacement and vibrating ampli-
tudes as it is operated without physical connection between two
electrode plates, and

(3) the construction is very simple and inexpensive.

However, this meter has also disadvantages as follows;

(1) since radio frequency is used in this meter, it is influenced by a man
approaching or things without shielding,

(2) it is very difficult to calibrate the relationship between the spacing

) of two electrode plates in soil and change in capacity, and

(3) we have a chance to disturb soil condition in burying two electrode
plates in a sample.

The above disadvantages are removed by using the needles instead of the
plates as the condenser constructed in the soil. One-dimensional microscopic
strains of soil can be measured simply and exactly by means of this type of

s0il strain meter.
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2.2 Principle of Operation in the Meter
2.2.1 Apparatus

In the device of this condenser-type soil strain meter, 'Infinitesimal
Displacement Meter MD-31' (Iwasaki Communication Apparatus Co.LTD.), is used.
This meter, as shown in Photo.2.1, consists of a meter MD-31, a probe MDG-643
and a condenser embedded in soil. A main variabfefiﬁﬁaéiéeTﬁifdo pF), a fine
variable condenser (20 pF) and a subcondenser (20 pF) are contained in the
probe MDG-643. The size, shape and material of the electrode plates as a
7)

condenser embéedded in soil are optional. In the previous paper ', the rec-
tangular thin copper plates (2.5 cm x 1.5 cm) with coated by enamel (see
Photo.2.2) so as to use even in wet soils were used. Recently, however, two
needles (6 cm in length and 0.5 mm in diameter) with enveloped by a vinyl
tube, as shown in Photo.2.3, are used as two electrodes in order to decrease
disturbance of soil sample in embedding into soil. In experiments, as shown
in Photo.2.4, these two needles are embedded in parallel in soil. Soil defor-

mations are measured by the resulting changes in the spacing of embedded two

needles which are sensed as changes in the electrostatic capacity of them.

2.2.2 Principle of Operation

For simplicity, consider two flat rectangular electrode plates but not
two needles to explain the principle of operation in this type of soil strain
meter. When two conductors are placed in parallel as shown in Fig.2.1, the

resulting electrostatic capacity is given by

Aeo e.’ A€S
C=—L2=—= 888507 L2 [F]
A€
= 8.885 x —5= (FF)  (2.1)

where, A denotes the cross sectional area(a x b (mz)) of the conductors, D the
spacing of two conductors (m), €, the dielectric constant and €, the specific

dielectric constant. Eq.(2.1) implies that if ¢_ is assumed to be constant
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Photo.2.1 Apparatus of the condenser-type

soil strain meter.
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Photo.2.2 The rectangular thin electrode

plates with coated by enamel.
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Photo.2.3 The electrode needles enveloped

by a vinyl tube.

A pair of Need]es

Photo.2.4 The electrode needles embedded

in soil sample.
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Fig.2.1 Two conductors in parallel.
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through testing, the variation in the spacing AP of two conductors results in

the change in capacity AC:

£
ac = ;g 4D = — 8.885 = 2,’ 4D (2.2)

The strain meter consists of the bridge circuit indicated in Fig.2.2,
where 03 and 6‘4 denote the fixed condensers and have also equal capacity, the
variable condenser for balance, ¢, the measuring condenser embedded in soil
and Cb the variable subcondenser which is used when o is less than 20 pF.

If Ca + Cb is replaced by €y @ balance condition for this bridge circuit due
to these four condensers (Cz, 02, Cg.and C4) is given by

c . C3
G - e, T 1 (2.3)

i.e., if Cy is so controlled that it is equal to ¢y for measurement, no elec-

tric current occurs in the meter M. When Cq changes, however, a potential
difference occurs between the point A and B shown in Fig.2.2, and an electric

current flows in meter M.

2.3 Calibration

A relationship between a change in spacing of two electrode plates and
a resulting potential difference should be obtained by a calibration test.

7)

The previous manner of calibration’’ was that the soil sample was packed in a
ring made of vinyl-chloride of which inside diameter and height were 5.2 cm
and 2.0 cm, respectively. Two electrode plates were put on the upper and the
lower surface of the packed soil sample in concentric orientation so that the
initial spacing between two plates was about 2.0 cm. The initial spacing of
them was accurately measured by the travelling microscope. After setting up
the apparatus and balancing the bridge circuit in the prove MDG-643, soil
sample was compressed by means of unconfined compression apparatus and, at the

same time, the resulting potential difference was measured by means of a

synchroscope. This manner of calibration test, however, was rather primitive
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so that the measurement of soil strain was relatively inaccurately. It was
found that such a calibration test was needless.

When a pair of electrode needles is embedded in the soil sample in
parallel, the electrostatic capacity stored in this condenser can be expressed

by the expression same as Eq.(2.1) to the rectangular electrode plates,

_ a
& = —p (2.4)

where, COdenotes the initial capacity stored in the condenser (pF), D, the
initial spacing of the two needles (m) and a the constant which is determined
by the size and shape of the electrode needles. When the soil sample deforms
and AD changes in the spacing of the two needles, the corresponding change

of the capacity AC is expressed by the following equation if AD is very small,

» a Qa aD
ch = = AC) = —_ - K v
o’ 0, D,
1D
=0 .

Since-%s is a quantity of soil strain, Eq.(2.5) means that the corresponding
change in capacity AC with the change in spacing A2 is proportional to the
soil strain. Namely, if the initial capacity 70 is known, the soil strain
is calculated from Eq.(2.5). The initial capacity ¢y is easily obtained by

the following equation;
Co = Cq — Cg (2.6)

where, €y denotes the capacity with the condenser embedded in the soil and
Cy the capacity without it.

When we observed the strain record by means of a synchroscope or an elec-
tromagnetic oscillograph, we must obtain the relationship between the change
in capacity AC and the corresponding voltage AV from calibration test. This
relationship depends on the initial capacity. Typical test results are shown
in Fig.2.3 as AC=1 pF. If the relationship between AC and AV at a certain

initial capacity Co is expressed by the following equation;
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/

AV = —|—4aC (2.7)
*
where, k denotes a constant, then the strain € can be calculated from,
4D ac 4
= = - = - A .
'3 D, - 2 (2.8)

It has been confirmed by experiments that the linearity between strain ¢ and

voltage AV exists in the range of strain less than 2%8).

2.4 Applications
2.4.1 One-Dimensional Stress Wave Propagation Test

The soil strain meter is used in the one-dimensional stress wave propa-
gation test as described in Chapter 3 in clay in order to obtain the stress-
strain relationships during rod wave propagation. The rod of clay is 135 cm
in length and 7.5 cm in diameter which is consolidated at confining pressure
Pc=l.06 and 0.54 kg/cm2 in the specially designed acryl cellg). Then the cell
is relieved and a pair of needles as a strain meter is embedded in parallel
with the initial spacing of about 1 cm. At the one end of the rod, the
pulsative stress is applied by means of the shock tube. When the applied
dynamic stress is propagating in the rod as a rod wave, the stress and the
strain are at the same time measured by the soil stress gauge embedded in the
sample and the strain meter, respectively. Figs.2.4(a) and (b) show the
typical records of the stress and strain forms recorded by a synchroscope.
The observation depth, and the ratio of the proportional constant k¥ to the
initial capacity C, as expressed in Eq.(2.8) are entered in that figure.
Although the phenomena of the stress and strain in this wave propagation test
by the shock tube are considerably rapid, it is found that the responsibility

of this condenser-type strain meter is excellent.
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Fig.2.5 shows the stress-strain curves which are constructed by picking
up the stress and the strain values corresponding to the same instant of time
in Fig.2.4. Though the stress-strain curve expresses a large hysteresis loop
for a given dynamic stress cycle, the plastic deformation does not seem to
occur. Consequently, the physical behavior of the clay sample is considered
viscoelastic at the range of a given strain level less than 10'3. The initial
tangent moduli E, obtained from the stress-strain curve, the Young's moduli

wave
E, calculated from rod velocity ¢, and density p by the following equation;

2
Eq = PCr (2.9)

and the initial tangent moduli Es obtained from corresponding static stress-
strain curve are summarized in Table 2.1. Ei and Ed are almost identical,

and it is considered that this type of strain meter has an enough confidence.

2.4.2 Unconfined Compression Test

A distribution of normal strain in soil sample in unconfined compression
test is observed by using this type of soil strain meter. The procedure of
the strain meter is same as that described in 2.4.1.

In order to know the strain distribution in soil sample, needles are in
each test embedded in one of upper, middle and lower parts of soil sample as
shown in Fig.2.6. Fig.2.7(a) shows the relationship between the local strain
measured by the soil strain meter and the average strain by a dial gauge.

The soil samples used are relatively soft clay with 5.2 cm in diameter and
about 10 c¢m in height. Their failure forms are ductile. It is found from
this figure that the distribution of normal strain is nearly uniform up to the
strain of 0.8%, and non-uniform for much more strain level. The local strain
in a middle part of sample is same as the average strain up to about 2.5%,

and much more compressed, the local strain does not increase and the soil in

this part flows in lateral.
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Table 2.1 Comparison of E_, Ed and Ei'

R Es Ed Ei
No. kg/cm2 kg/crn2 kg/cm2 kg/cm2
19-a 1730 {1700
1.06 252
19-b 1640 | 1400
15-a 0.54 184 695 600
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Fig.2.6 The manner of embedding needles into the sample of

unconfined compression test.
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Fig.2.7(b) is the results for a relatively stiff clay. Failure form in
this case is brittle. The strain distribution is also uniform up to strain
0.8% same as above described one. Under further compression the local strain
in middle part increases gradually and the one in upper part increases rapidly.

This is due to that the samples are broken down.

2.5 Conclusions

It is found through this chapter that the condenser-type infinitesimal
displacement meter can be used to measure the one-dimensional normal strain
in soil. By using the thin needles as the electrodes of a condenser embedded
in soil, the disturbance in soil sample can be decreased and the soil strain
can be measured much more accurately. The troublesome calibration test

7)

described?}he previous paper’’ is needless and when a pair of needles is em-
bedded in soil, it does not need to read the initial spacing of them, provided
the initial capacit& ¢, and the constant k are examined from Eq.(2.8).

Since the responsibility of this meter is excellent even in higher frequency

range, it is suitable to measure the dynamic strain in soil.
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Chapter 3 Experimental Study on Stress Wave Propagation through Soils

3.1 Introduction

This chapter deals with the shock tube technique for the stress wave
propagation test of soils. The shock tube is used as a loading apparatus
which applies a pulsative stress to the soil specimen. For simplicity, only
the one-dimensional wave propagation is considered in the experiments. Two
types of wave through soils, compressional wave and longitudinal rod wave,
are used. Although both waves cause the movement of particles parallel to
the direction of wave propagation with compression of the soil, the lateral
deformation of the soil rod is restrained in the former and is allowed in the
latter. Sandy loam was used as the soil sample in the case of the com-
pressional wave propagation test and the wave characteristics were mainly
investigated with respect to its water content and degree of saturation.
Meanwhile, in the case of the rod wave propagation test, saturated cohesive
sofl was used and its dynamic properties were examined under different con-
fining pressures1)’ 2).

| As already described in Chapter 1, the dynamic moduli and the material
damping of the earth materials strongly depend on the strain level as well
as the strain rate. The experiments were carried out in the range of strain

level below 10°3 strain.

3.2 Waves in the Linear Elastic Body

Wave phenomena through earth materials earthquakes and vibrations
from sources of foundation of machines, traffics and explosions, are often
encountered. These wave phehomena are essentially dependent upon the elastic
properties of the earth materials, because they are generated by the inter-

action between the inertia force and the return force of the material.
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That is, the wave can not propagate unlimitedly through the materials which
do not create any return forces due to their deformations. The major
features of seismic wave propagation will be expected on the basis of purely
elastic properties of materials. Practically, the observations of the seismic
wave propagation in the field can be often explained by the theory of elas-
ticity. In order to investigate the wave propagation in a solid and to know
the analytical treatment for it, the study on the waves in the linear elastic
body is urgent.

There'exist two body waves, Z.e. compressional wave and shear wave, in
an infinite linear elastic body. The wave equation of the former is expressed

as

(A2 + 24)Vv?e = pE (3.1)

where, X and G are Lam's constants, p the mass density, € the dilatation

and v the Laplacian. Then the wave velocity is given by

A+2
% 'J—7i (3.2)

When the plane one-dimensional compressional wave propagates, no lateral
movement to the direction of wave propagation occurs.

While the shear wave distorts an element transversely to the direction
of wave propagation, and propagates without volume change, the wave equation

of this wave is expressed as

6 Vo, = 9d; (6 =1.2.3) (3.3)

where, &i denotes the component of the rotation, and the wave velocity is

Cg = '@ (3.4)

given by



On the other hand, three independent kinds of wave motion are possible
in an elastic rod: longitudinal, torsional and flexural waves. It is well
known that the wave equation for the longitudinal wave of a rod is expressed
as follows:

%u Yu
Esw = fia (3.5)
where, £ is the Young's modulus, ¢t the time, x the coordinate in the axial

direction of the rod and u the displacement of the z-direction. Then the

wave velocity is given by

E
® =5 (3.6)

Eq.(3.5) is derived under the two assumptions, which are that the transverse
sections of the rod remain plane during the passage of waves, and that the
stress acts uniformly over each section. Furthermore, the inertia force
due to lateral deformations of the rod during the passage of waves is neg-
lected. Pochhammer initiated the research on the wave propagation in a rod
and obtained the exact solutions for these problems. According to his exact

solutions, the ratio of the phase velocity ¢ of a sinusoidal wave to ¢

P R
obtained from Eq.(3.6) is simply given as>)
S gy (L)

ww ! ""(a) (3.7)

where, v is the Poisson's ratio, r the radius of the rod and A the wavelength.

Moreover, the ratio of group velocity cg to °p is given by

So that, if the wavelength is large enough comparing to the radius of the

rod such as the experiments described later, the wave is not too far from
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representing the real situation of the rod wave as expressed by Eq.(3.5).

In the torsional wave of a rod, each transverse section rotates around
its center. It is known that this wave propagates in a rod with a velocity
vG/o same as the shear wave velocity given in Eq.(3.4). Furthermore, in the
flexural wave, flexural moment propagates along a rod, and the velocity de-
pends on its wavelength. These problems are treated in detail by Kolsky3).

The relationship between the shear modulus G and the Young's modulus

E is given by

E
- —— 3.9
T 2(1+v) - (3.9)

Assuming volume change does not occur during the wave propagation in the
saturated soils such as used in the experiments(that means v=C.5), £q.(3.9)

yields
G = — (3.10)

Accordingly, by using the experimental data of the rod wave velocity, the

shear wave velocity and shear modulus of the specimen can be examined.

3.3 Experimental Apparatus

3.3.1 Shock Tube

The history of shock tube is very old and its theory has been suf-
ficiently elaborated in the field of aerodynamics. In 1899 Vielle invented
a shock tube, 22 mm in diameter and 6 m long, for the first time. After then,
it has been used throughout in many branches of science not only in the field
of supersonic aerodynamics, but also in chemistry in order to solve dynamic
problems for the mixture of gases.

A shock tube consists of two chambers; a high pressure cell(the driving
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chamber) and a low pressure cell(the driven chamber) separated by a thin
diaphragm. The principle of shcck tube is very simple. The high pressure
chamber is pressurized until the diaphragm breaks. At that instant, the

air shock wave propagates along the low pressure chamber as the expansion

wave. As long as the gas in the high pressure chamber is expanding, the

shock wave is continued to travel. When the pressure in the high pressure
chamber decreases to that in the low pressure chamber, the shock wave vanishes.
The air shock wave has a sharp wave front and its pressure gradually decays
behind the shock front. The more detailed explanation and the theory of

shock tube are found in reference 4).

The schematic diagram of the shock tube used in the present study is
shown in Fig.3.1. It consists of high pressure chamber(Photo.3.1), middle
pressure chamber(Photo.3.2) and low pressure chamber(Photo.3.3). A1l
chambers are made of cylindrical steel tube with the inside diameter of
7.76 cm and 1.2 em in thickness. In general, it is known that if the length
of low pressure chamber is more than ten times of the inside diameter, uni-
form shock wave can be obtained at the end of tube. Therefore, the 2 m long
low pressure chamber was designed and built. At the distance of 5 em from
the end of the tube, a semi-conductor type pressure transducer is equipped
in order to measure the shock pressure.

In experiments the low pressure chamber is atmospheric, while compressed
air is used for the high and middle pressure chambers. Two thin aluminium
sheets with 17.5 em in diameter and 0.05 mm in thickness are used as the
diaphragms to separate the high, middle and low pressure chambers. These
diaphragms can be broken with pressure difference of about 3.5 kg/cm2. At
that time, the shock pressure of 1 to 2 kg/cm2 is obtained at the end of
the low pressure chamber. Photo.3.4 shows a typical shock pressure form

measured by the pressure transducer at the end of the low pressure chamber.
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Photo.3.1 High pressure chamber.

Photo.3.2 Middle pressure chamber.
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Photo.3.3 Low pressure chamber.

HEEEEEENE
gy
ATNG ||

Photo.3.4 Typical shock pressure form

(sweep: 2msec/div., pressure:

0.2kg/em?*/div. ).
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3.3.2 Apparatus for Compressional Wave Propagation Test

Fig.3.2 shows the apparatus to confine soil specimens for one-dimension-
al compressional wave propagation test. This confining tube made of steel
with an inside diameter of 7.6 em, wall thickness of 6.5 rm and 2 m long, was
horizontally connected with the shock tube. It is long enough to neglect the
influence of a reflected stress wave at the reflection end of the tube,
marked as R in the figure.

The cross section of the tube is perfectly circular. In putting the
soil column in the tube, one can take off the upper half of it, marked as
A in Fig.3.2(b). The upper half of the tube consists of five segments. As
shown in Fig.3.2(c), each segment is 40 om long and has splits at the both
ends through which we can take out electric wires of various measuring e-
quipments embedded in the soil specimen.

In this test, the air shock pressure generated by the shock tube was

directly applied to the end surface of the soil specimen.

3.3.3 Triaxial Compression Chamber

This apparatus was designed for the rod wave propagation tests under
different confining pressures. Fig.3.3 schematically shows the shock tube,
the triaxial chamber, the pressure system and the water supply and drainage
system. The triaxial cell consists of three lucite tubes, two aluminum
rings and two end plates(see Photo.3.5). The dimensions of tubes are;
outer diameter 32.4 cm, inner diameter 28.4 cm and length 50 em. The two
rings are sandwitched by tubes in between and the end plates are fixed by
two steel pipes and the steel angle. The triaxial cell is horizontally
connected to the end of the ﬁhock tube with bolts as shown in Fig.3.3. The
air shock pressure generated in the shock tube is once received by a brass

plate placed near the end of the low pressure chamber. Photo.3.6 shows the
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Photo.3.5 Triaxial compression chamber.

Photo.3.6 Brass plate subjected to the

air shock pressure.
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brass plate. It is transmitted to a piston supported by bearings in the
center of the end plate and comes to the cap at the end of the specimen.
This cap generates a pressure on the specimen. The shock pressure is moni-
tored by a small transducer at the center of the brass plate. In order to
reduce friction and air leak around the piston, the forced lubrication syste.n
is built in the bearings. The pressure applied on the cross section of the
piston when the cell is pressurelized, is balanced by the force of two
bellofram cylinders.

Fig.3.4 shows a schematic section through the triaxial cell. A soil
sample is placed on the rotational roller bearings which are sitting on the
axial roller bearing as shown in Fig.3.4. The bearings reduce the friction
of the sample both in axial and rotational directions(see Photo.3.7). The
dimensions of the sample are diameter 7.5 com and length 135 en. The axial
bearings can be adjusted to match the specimen center and the piston center
when the specimen is consolidated and moves its center.

A cohesive soil specimen is consolidated prior to the wave propagation
test. The water collected through the filtering paper around the specimen
is drained through the caps at the end of the specimen. A back pressure is
also applied through the drainage pipe. The controls on the confining
pressure, bellofram cylinder pressure and back pressure are done by regulators
made by Fairchild Co. Ltd., U.S.A.. Those regulators can maintain the
pressure constant steadly for a long time. The wires for the soil pressure
gauges, pore water pressure gauges and the soil strain gauges placed in the
specimen are taken out through two steel pipes to prevent the air leak as

shown in Fig.3.4.

3.4 Measuring Equipment
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3.4.1 Measurement of Dynamic Soil Stress

The dynamic stresses were measured by soil stress gauges buried at four
different places in the specimen when the stress wave propagates. The stress
gauge is a disk plate of 25 mm diameter and 5 mm thick. This gauge is made
of a semi-conductive strain gauge and has a relatively high sensitivity. It
can measure the pressure up to 10 kg/cm2 but the maximum pressure ever re-
corded throughout the experiments is 1.2 kg/cm2 and at this stress level, its
calibration curve is linear and the sensitivity and precision of this gauge
am‘excellents). In the rod wave propagation test, the gauges were submerged

into the saturated clay for a week to test the durability but did not cause
any trouble.

3.4.2 Measurement of Dynamic Soil Strain

In order to measure the dynamic strain of soil when the wave propagates,
the condenser-type soil strain meter described in detail in Chapter 2 was
used. Two meedles as the condenser were embedded in parallel with penetrated

through the rubber sleeve as seen in Photo.3.8.

3.4.3 Measurement of Pore Water Pressure

Since in the rod wave propagation tests the specimen is consolidated
prior to the test, the change of the pore water pressure in the specimen is
monitored at the middle of the specimen where the pore water pressure gauge
is pierced(see Photo.3.9). This gauge used here is a needle-like tube
partially filled with the porous stone between 7 mm and 27 mm from the end.
Its length is 55 mm and its diameter is 3 mm. The cross section of the
porous stone is about 1cm2. The pore pressure is sensed by a small pressure

transducer at the other end of the tube.
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A1l measurements described above were carried out by three synchroscopes
simultaneously triggered by a signal generated by a pressure transducer at

the end of the shock tube.
3.5 Experimental Procedure

3.5.1 Compressional Wave Propagation Test

Sandy 1oam(G8 = 2.66) was selected as the soil sample. It was sieved
by 2 mm net and a part which passed through it was used. The mean diameter
is about 0.3 mn and the uniformity coefficient is 22.5. The optimum moisture
content is about 12%, which gives the maximum dry density of 1.89 g/cms.

The tests were performed for three kinds of water content; dry, 5-7% and
11-13%, and the range of bulk density of 1.7-2.1 g/cms. The degree of sat-
uration was in the wide range of 20-80%.

For the preparation of soil samples, a special mold with an inside di-
ameter of 7.45 cm and a height of 40 cm was used. The inside wall of the
mold was made very smoothly. In the mold a sandy loam was compacted by
means of 2.5 kg rammer with 30 cm free-fall. In the stage of this compaction,
the soil stress gauges were embedded in the soil. Five pieces of specimen
prepared by the mold were necessary to make a complete soil specimen of 2 m
length.

In this one-dimensional compressional wave propagation test, not only
the lateral deformation should be prefectly confined, but also the friction
force between the inside wall of confining tube and the soil specimen should
be taken away. Although it is very difficult to c0mp1eté1y reduce the
friction, in order to minimize the friction the soil specimen was rolled by
two teflon sheets of 0.1 mm and 0.4 mm thickness.

By these procedure the two-meter long confined soil column was made up
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as shown in Photo.3.10.

3.5.2 Rod Wave Propagation Test

The physical properties of a silty loam used as a specimen are tabulated
in Table 3.1. The specimen is made of Fukakusa dry clay which is sieved by
a 400 u net, kneaded with water, and consolidated at 1.8 kg/cm2 surcharge in
a consolidation cylinder box(diameter 60 em and height 1 m). Fig.3.5 shows
a typical result of the consolidation tests. It is seen that the pre-con-
solidation pressure of the specimen’ig about 0.7 kg/cmz. Its unconfined
compressive strength q, is about 0.4 kg/émz. After the consolidation is
completed, the specimen is taken out by a thin-walled sampler of which inner
diameter is 75 mm. Paraffin is poured at each end of the tube to form a
seal.

Since a soil specimen is a cylinder of 135 em long and 7.5 om diameter,
five segments taken out from the thin-walled sampler of which each length is
about 27 cm, are necessary to make a complete soil specimen. Those segments
are put together, after placing soil stress gauges at the both ends as shown
in Photo.3.11. The specimen is rolled by a sheet of filtering paper and
furthermore covered by a rubber sleeve. Since the specimen is consolidated
prior to the test, the problems of connection of each segment, disturbance
around the soil stress gauges and fitting problem of gaugeé to the soil seem
to be minute. The electric wires of the gauges are taken out through pores
specially made on the rubber jacket(see Photo.3.9). Therefore the trouble
of air leak into the specimen can be avoided. Photo.3.12 shows the complete
soil specimen set up in the apparatus.

The préssures of each test series are listed in Table 3.2, where in the
series-a, reélatively low input peak preseure is applied to the soil specimen

while relatively high pressure in the series-b.
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Photo.3.9 Measurement of pore water pressure.

Photo.3.10 Soil column rolled by two

teflon sheets.
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Void ratio

Table 3.1 Physical properties of the silty

Toam used.

specific
| gravity 2.68

L. L. 48.6 9|,
P. L. 27.6 olo

P. I. 21.0
uniformity

coefficient 4.5

water N S
content 31~34 /o
bulk 3
density 1.88~1.91 g/cm
coefficient of Y

ermeability | 7-3%10 cm/sec

0.9

0.8+

0.7

0.6

0.5

0.4 o1t ranl Lo aaad t o vl

" 0.01 01 1 10
Consolidation pressure p kg/cnv

Fig.3.5 Typical e-log p curve.
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Photo.3.11 Embedding the soil stress gauge

in the soil specimen.

Photo.3.12 Complete soil specimen set up

in the apparatus.
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Table 3.2 Test series of the rod wave propagation

test.

confining | back- z:::?’::r“’; :)';pa"':

pressure | pressure| pressure | pressure
No. Po P Pe

kg/cm? | kg/cm?| kg/em?| kg/cm?
11-a 3.46 1.35 211 0.73
11-b 3.46 1.43 2.03 1.18
12-a 2.89 1.52 1.37 0.52
12-b 2 89 1.58 1.31 0.98
13-a 2.30 1.09 1.21 0.54
13-b 2.30 1.30 1.00 1.06
14-a 1.76 0.86 0.90 0.69
14-b 1.76 0.93 0.83 1.03
15-a 1.50 0.96 0.54 0.50
16-a 1.50 1.10 0.40 043
17-a 1.50 1.24 0.26 0.38
18-a 1.50 1.34 0.16 0.32
19-a 2.20 1.14 1.06 0.64
19-b 2.20 1.14 1.06 1.14
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3.6'Experimenta1 Results and Discussions

Propagating stress wave forms at four points in the soil specimen recorded
by a synchroscope are shown schematically in Fig.3.6. These features of wave
forms are almost same in both tests of the compressional wave and the rod
wave. The pressure form picked up by the soil stress gauge buried in the
specimen in the distance of 3 em from the end, was considered as the input
pressure form. The input pressure form is like a spike pulse, that is, its
pressure steeply increases to the peak value and decays exponentially. The
rise time of the input pressure was almost constant throughout the experi-
ments; in the range of 0.6 to 1.4 msec. in the compressional wave propagation
test and 2.2 to 3.0 mgee. in the rod wave propagation test. The magnitude
of the peak pressure was controled to be less than half or two-third of the
unconfined compressive strength or triaxial compressive strength of the soil
specimen.

Generally speaking, as the stress wave is propagating through the soil
specimen, its wave form gradually changes as shown in Fig.3.6. To say that,
the rise time and the duration time are increasing and, the peak stress at-
tenuates as the wave propagates. These.phenomena characterize the dynamic
properties of soils. The wave velocity can be calculated from arrival time
of the stress wave front and then, the dynamic modulus of elasticity can be
known. Furthermore, the attenuation constant which is a parameter of energy
loss absorbed into the soil during wave propagation, can be obtained from

the peak stress attenuation.

3.6.1 Compressional Wave Velocity in Partially Saturated Soil

It is known that the presence of the fluid exerts an important influence

on the compressional wave velocity but produces only a minor effect on the

6)

shear wave velocity. Biot /' treated theoretically the wave propagation in
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a fluid-saturated porous medium and described the influence of the fluid on
the compressional wave velocity in the porous medium. On the other hand,

Hardin and Richart7)

investigated the influence of the degree of saturation

on the shear wave velocity for a sample made of 20-30 % Qttawa sand. They
concluded that the presence of the fluid affected the shear wave velocity

only by adding the mass of the fiuid in motion and that much of the difference
between the experimental results in the dry and saturated conditions could

be caused by the effect of the weight of the water.

Fig.3.7 shows the relationship between the compressional wave velocities
and the void ratio with parameters of the degree of saturation, by using the
soil sample of sandy loam. The distinct experimental conclusions are drawn
from this figure that the velocities decrease with increase in the void ratio
for the same degree of saturation and with increase in the degree of satu-
ration for the same void ratio. The rigidity of the soil structure becomes
low with increase in the void ratio, and as a consequence, the wave velocity
decreases. Since the increase in the degree of saturation increases the mass
of the particles in motion and also weakens the bonds among the soil particles,

8)

the wave velocity decreases ’.

3.6.2 Rod Wave Velocity and Dynamic Modulus of Elasticity of the Saturated

Clayey Soil

Rod Wave Velocity and Shear Wave Velocity

The relationship between the rod wave velocity, c. and the confining
pressure, p,, is plotted in the log-log scale as shown in Fig.3.8. It is
seen that the relationship is linear in log-log scale and it is expressed

in the following equation:

n
Co = m.k (3.11)
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where, m and n are constants and, m=25C and n=C.22 from Fig.3.8(c.: m/sec.,

C

R
P, kg/cmg). As described in Section 3.2, if the soil is assumed to be fully
saturated and not to change its volume during wave propagation, i.e., v=0.5,

the rod wave velocity c_ and shear wave velocity c. satisfy the following

equation:
(3.12)

By using the results of Fig.3.8 and Eq.(3.12), the relation of shear wave
velocity and confining pressure is obtained as shown in Fig.3.9. Ishigurog)
found that the shear wave velocity depended upon the structural inhomogeneity
of clay and he obtained the results shown in Fig.3.9 from the experiments by
the ultra-sonic pulse method, with "H-sample", in which wave travels perpen-
dicular to the bedding direction of clay particle and "V-sample", in which
wave travels parallel to the bedding direction. The consolidation pressures
are from 1 te 32 kg/cvz in his tests. According to his results, » value in
Eq.(3.11) is 0.44 for the “V-sample" and 0.38 for the "H-sample". They are
similar to the author's results. In other words, the shear wave velocity
of a clayey specimen is proportional to about the two-fifth power of P,

Relationship between Shear Wave Velocity and Void Ratio

Hardin and Richart7) revealed from the resonant-column method for Ottawa
sanc and crushed quartz the important experimental fact that the shear wave
velocity was dependent only upon the void ratio, e, and the mean effective
principal stress, cﬁ', and was proportional to the one-fourth power of cm'
and was also linear to the void ratio, that is,

,0.25
& = Fle)-G, (3.13)

where, F(e) is a linear function of e. By the cross-hole method in situ,
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Stokoe and Woods confirmed the relation as expressed by Eq.(3.13) for silty

sand. Furthermore, Hardin and Black]]) 12)

and, Marcuson and Wahls found
that also the similar relation as Eq.(3.13) held for clay such as
Kaolinite, Bentonite and Boston Blue Clay.

Fig.3.10 shows the relation between the ratio, cs/pc°°25, and the void
ratio. It is clearly seen that the relationship is linear and the function
F(e) in EQ.(3.13) is determined, that is, 7/e)=-550e+602, from our experi-
mental results. In this case, in stead of the mean effective principal
stress o ', the notation of r, is used.

Dynamic Modulus of Elasticity

The dynamic modulus of elasticity, E . can be obtained by
2

The values of E;and p  are plotted in Fig.3.11(solid circles) and it is

found that E, and p, are linearly dependent. From Fig.3.11,
Eq = 1220-f + 100 (3.15)

is obtained (Ed and p_ in kg/cm2).

The static triaxial compression tests were also carried out under the
same confining pressure with the same soil as used in the rod wave propagation
test. In these tests, the strain rate was as slow as 0.04 %/min. and the
values of the initial tangent modulus of elasticity, Ee’ in the stress-
strain curves were determined. The open circles in Fig.3.11 show the re-
lation between Ee and p, and, this figure indicates that the values of E8 is
almost 1/3 - 1/6 of the values of Ed’ and the modulus of elasticity of the
clay is strongly strain rate dependent.

Fig.3.12 shows the correlation between the shear strength under the
consolidated undrained condition, and E E, and the dynamic shear modulus,

Gz In this case, G, was calculated from £ by Eq.(3.10). It is seen that

d
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the values of E8 can be corresponded to the relation

13)

proposed by Nishigaki » where 8, is the cohesive strength which is equal

to qu/2. Both £ ., and £, are linearly dependent upon 5,

It has been clarified by many investigations7)’]])’]2)’]4)

that the main
factors which influence the dynamic shear modulus of soils at small strain
level are the void ratio and the mean effective principal stress, and that
the dynamic shear modulus is proportional to the square of the mean effective
principal stress, as listed in Table 3.3. It is found from this table that
the values of the dynamic shear modulus change with the soil, though its
functional form is almost identical. On the other hand, Seed and Idriss‘s)
initiated to point out that the shear modulus of soils reduced with increase
in the amplitude of shear strain. By plotting the data by a number of in-
vestigators in the relationship between the ratio of the shear modulus to the
undrained shear strength and the amplitude of shear strain, they obtained the
distinct relation as shown in Fig.3.13. In this figure, the dashed lines
represent the range of the scattered data and the solid line represents the
average values. The author's result in Fig.12, 38,7773, corresponds to
the value at 10'4 strain level according to Fig.3.13. Shibata and Ishiguro]s)
also investigated the dependency of the dynamic shear moduli on the amplitude
of shear strain, and concluded that the maximum dynamic shear modulus could
be obtained by the the experiments with the amplitude of shear strain level

less tnan (0.9 - 2.0)x10™% in sands and (2.0 - 7.0)x10"% in cohesive soils,

and that the ratio of Sd/su was about 700 at that strain level.

3.6.3 Relationship between Rod Wave Velocity and Dynamic Stress-Strain

Curves during Stress Wave Propagation
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Table 3.3 Experimental results of the dynamic shear modulus

of soils proposed by investigators.

Investigators Soil Samples | Experimental Results Note
(:-‘d: “g am?, 9, and pc:kg,"cmz)
. round-grained A 2950817 - e, —
Hardin Ottawa sand ST e V0 e<t. 8
and
: 7) anqular-grained| . _ 325(2.37 - 2,2 —+
Richart crushed guartz | "5~ I+ e m
Hardin and . Lo 354(8.37 - 2t —
Black 11) kaolinite is= = va!
2
Marcuson kaolinite Z.= W Vol
and
Hahlslz) bentonite J=;—‘-;‘-—v c!
J . + e ”
. 14) R ) h oan s ;
Shibata sana and clay 2= F200(0.27 - v 2] n:porosity
The author silty loam i.= ;—;%—'—5; Vo
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In a clayey specimen, time histories of stress and strain were measured
at the same position. Fig.3.14 shows a typical result of measurements; the
peak of strain wave delays about 0.5 msec. from that of stress wave. This
time lag of the strain was found in most of the tests, throughout which the
peak strain was in the range of (0.3 - 1.4)x10'3 strain. The dynamic stress-
strain curves in Fig.3.15 were constructed by reading the stress and strain
values at the same instant of time in their time histories. In this figure,
the static stress-strain curves under the same confining pressur€:§1so shown.
The dynamic stress-strain curve is steeper than the static one, from which
the strain rate dependency of the stress-strain curve is clearly concluded.
When one compares the curves at the same confining pressure (03=1.06 kg/cmz),
the curve at the higher stress level(solid line) is nearly bi-linear whereas
the curve at the lower stress level(chain line) does not show any clear
turning point and is nearly parabolic. The magnitude of strain at the
turning point of the former is about (3 - 4)x10'4. That is found also in the
another stress-strain curve (03=0.54 kg/cmz as expressed by a dotted line).
It should be noted in Fig.3.15 that at a small strain level the stress-
strain curve shows hysteresis loop and nevertheless the specimen does not
create any permanent strain after the load is off. It may be allowed that
this behavior of the clayey specimen is considered to be viscoelastic at these
strain levels.

It is well known that the wave velocity through soil is decided by p,
the mass density and ¥, the modulus of deformation in the formula of v¥/p .
This theory, however, has not been confirmed as the experimental fact. For

17)

example, Vey et al. reported that the dynamic modulus of elasticity, Eé,
obtained from wave front velocity was 2 to 4 times of initial tangent modulus
of elasticity, Ei obtained from the stress-strain curve due to wave propa-
gation. In order to check and examine the above relation, the value of E,

was tried to compare with £ The results are in Table 3.4 and the initial

4
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tangent modulus of Table 3.4 Comparison of E, Eg and E,.

elasticity E, from
a static stress- O3 Es Ed Ej
strain curve is. No. kg/cm2 kg/cm2 kg/cm2 kg/cm2
also shown. It was 19-a 1730 | 1700
1.06 252

found that the 19-b 1640 | 1400
values of £, and E,

€ - 15-a 0.54 184 695 600
were almost identi-

cal.

3.6.4 Attenuation of Wave \

The another notable feature of wave in observing the stress wave forms
in soils is attenuation of amplitude of the wave with traveling. The mecﬂa-
nism of attenuation, in other words, energy loss, is due to an internal
friction. Although this problem concerning the internal friction has not
been solved sufficiently, it is obvious from observations of waves both in
situ and in laboratory that the amplitude of a plane wave traveling through
soils attenuates exponentially with distance, as expressed in mathematical

symbols by
Ax = Aoexp(-az) (2.17)

where, 4, and 4_ denote the amplitudes of wave at an arbitrary reference

0
point and at distance, x, from the reference point, respectively. a is an
attenuation constant and a parameter which expresses the damping character-
istics of soils.

It is well known that the attenuation constant depends of the frequency

of the wave, and therefore, it is necessary to examine the attenuation

constants by using the wave with a constant frequency. On the other hand,
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since the pulse like wave used in the present experiments consists of various
frequency components, it is necessary to divide the pulse into the each
frequency component(for example, the Fourier spectrum]8)’]9)) in order to
examine the dependency of the attenuation constant on the frequency. In the
present study, however, the attenuation constant was simply determined by

the attenuation of the amplitude of stress pulse in order to know the re-
lationship between the attenuation and the physical properties of soils.

Attenustion of Compressional Wave through the Sandy Loam

Fig.3.16 shows the relationship between the dry density \F and the at-
tenuation constant o. Due to increase in the dry density the soil strengthens
its structure in the case of the samples with moisture content of 5-7 % and
the attenuation constant decreases. While, in case of 11-13 % moisture
content the soil structure is strongest and the attenuation consfant is
smallest at the dry density of about 1.75 g/cms. These tendencies represent
the characteristics of compaction for sandy loam. Furthermore, the quantity
of the wave energy absorbed in the soil is minimum in the sample with the
dry density which is slightly smaller than the maximum dry density at the
optimum water contenta).

The traveling wave form becomes gently round and its rise time and
duration time grow longer during wave propagation. In order to estimate
quantitatively the increase in the rise time, the dimensionless rise time

7' is defined by

T = :: (3.18)

where t, denotes the rise time of the input wave(msec.) and t, the rise time
at a certain distance(msec.). Fig.3.17 shows the relationship between 7' at
various distances(40, 80 120 and 160 cm) and the dry density Y4 The re-

lationship between o and Yz shown in Fig.3.16 is also drawn in this figure
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for reference. It can be understood that the tendency for the change of wave
form is similar to that for the stress attenuation.

Attenuation of Rod Wave through the Cohesive Soil

Figs.3.18(a) and (b) show the peak stresses of the pulse with the prop-
agation distance. Most of data show that the stress attenuates almost 30-
40 % by the distance of 23 om from the end of the specimen and thereafter
the attenuation rate slows down, that is, there exists a turning point where
the rate changes. Furthermore, we found from our experiments that the higher
the input peak stress is, the longer the distance becomes where the turning
point appears. The turning point is considered to be observed when the peak
stress attenuates with distance and becomes telow the critical stress level
where the machanical behaviors of the soil are considered to be elastic or
viscoelastic. Fig.3.19 shows the relationship between the stress level at
which the rate of the peak stress attenuation changes and the confining
pressure applied to the soil specimen. In this figure, for reference, the
triaxial compressive strength % e is also given. It is found that the
stress level at the critical point is less than 20 to 25 % of - This
stress level corresponds to about 0.1 % of the strain in the static stress-
strain curve.

Relationship between the Attenuation Constant and the Void Ratio

Fig.3.20 shows the relationship between the attenuation constants ob-
tained by the both tests of the compressional and rod wave and the void
ratio of the soils. It is found from this figure that there exists an
almost 1inear‘re1ationship between them on the log-log scale, and the void
ratio is very important factor for the energy absorption of soils. The
amount of the attenuation changes with moisture content in the case of the
sandy loam. At the same void ratio, the attenuation in the soil sample
with moisture content of 11-13 % is smaller than that of 5-7 %. Furthermore,

1

the attenuation constant for the dry sample is a=0.16m ° at the void ratio
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Table 3.5 Soils and their properties used by various
investigators.

water [degree of voti_d kind of
investigators| soil cor:)tbent satg/:)at;or raelo wave
E. Vey 17 ePK-clay | 34 .1 93.0 0.97 | rod wave
L. V. Strauss \ : :
EPK-clay| 29.7 73.9 1.07 | rod wave
D Hampton )
20
.A.Weze!
R EPK-clay| 33.2 93.1 0.95 | rod wave
compressional
Kaolinite | 34.7 88.4 | 1.02 |wave
compressional
L.Seaman™"lxaolinite| 31.7 | 87.8 | 0.94 [Cor®
i [
Kaolinite| 18.8 58.9 | 0.3 |comPressional

wave
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0.68.

The attenuation of cohesive soils is smaller than the sandy loam, in
spite of the large void ratio. In Fig.3.20, the experimental results ob-
tained by the other investigators from the similar experimental method are
also plotted. The soil properties, types of wave and experimental conditions

used by investigators are presented in Table 3.5.

3.7 Conclusions

This chapter has dealt with the shock tube technique of the one-
dimensional wave propagation tests for soils. Two kinds of tests were
carried out: the compressional wave propagation test for sandy loam and the
rod wave propagation test for silty loam.

The obtained wave characteristics were considered from two points of
view. The first is the wave velocity of the wave front which is considered
to exhibit the instantaneous elastic response of the soil for a dynamic
external force. Therefore, the moduli calculated from the wave front ve-
locity can be considered to be the dynamic modulus of elasticity of the soil
at the infinitesimally small strain level. These moduli were discussed with
respect to the confining pressure, the void ratic and the shear strength.
The second is the attenuation of peak stress and the changes of wave form
with wave propagation which indicate the nature of energy loss due to in-
ternal friction of soils. The attenuation constant was used as a parameter
which expressed the quantity of attenuation of the peak stress per unit
distance, and was discussed with respect to the physical properties of soils
such as the void ratio, the dry density and moisture content. Furthermore,
it was noticed from observation of wave forms that there existed a critical
stress level below which the rate of attenuation was very small and the

noticeable changes of traveling wave forms were not seen. By comparing this
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critical stress level with the triaxial compressive strength, it was found

that this corresponded to the interesting strain level for classification of

machanical behaviors of soils according to the strain level.
Throughout this chapter, conclusions are:

(1) A compressional wave velocity through partially saturated soils is
strongly dependent upon the void ratio and the degree of saturation.
The velocity decreases with increase in the void ratio and the degree
of saturation.

(2) The rélationship between a rod wave velocity °p through saturated co-
hesive soil and an effective confining pressure P, is given by the

following formula:
CR = M'ﬁcn

From experimental results, the constants of m and » were determined to
be 280 and 0.39 respectively (;c in kg/cmz). That is, the rod wave
velocity is proportional to the two-fifth power of the effective con-

fining pressure. Taking into account the void ratio as a factor which
influences the shear wave velocity e., the relationship between Ces P,

and e is given by
024
¢ = F(e)-k

where, F(e) is a linear function of e.

(3) A dynamic modulus of elasticity E, from a rod wave velocity is linear
with P, Its magnitude is 3 to 6 times larger than the initial tangent
modulus Es of a stress-strain curve from the static triaxial compression
test. Therefore, it can be seen that the behaviors of cohesive soil
are strongly strain rate dependent.

The ratio of the dynamic shear modulus Gy to the shear strength

8, of the soil specimen is 773 from experiments.
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(4)

(5)

(6)

A stress-strain relationship of the clayey soil at propagation of wave
shows a large hysteresis curve at the strain level of 10'3, but any
permanent strain is not created during the test. A dynamic modulus of
elasticity E, from the wave velocity coincides with the initial tangent
modulus of elasticity E,.
The relationship between the attenuation constant and the dry density
of sandy loam is closely related with the characteristic of compaction
of the soil. 1In the case of the samples with moisture content of 5-7 %,
the attenuation constant decreases with increase in the dry density,
and in 11-13 % which incliudes the optimum moisture content, it is
smallest at the dry density of about 1.75 g/cmg. Its dry density is
slightly smaller than the maximum dry density at the optimum moisture
content.

The attenuation constant decreases with decrease in the void ratio.
Its relationship is linear in log-log scale in the experimental range
of the void ratio.
In the rod wave propagation test for clayey soil, it was found that the
rate of attenuation becamesmall below a certain stress level. This
critical stress level corresponds to the stress of 20 to 25 % of the
triaxial compressive strength, Doz and also corresopnds to the strain
level of 0.1 % in the static stress-strain curves. The author concludes
that below this stress or strain level, elastic or viscoelastic proper-
ty is more predominant in soils than plastic one.

The relationship between the attenuation constant of the rod wave
and the void ratio is also linear in log-log scale similar to one of

the sandy loam.
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Chapter 4 Viscoelastic Approach to Stress Wave Propagation through

Soils

4.1 Introduction

Numerous experiments have shown that whenever a soil is mechanically
strained, the imparted elastic energy is never fully recoverable. Some
conversion from mechanical to heat energy always occurs and therefore, real
behaviors of soil are far from those of a perfectly elastic body. This non-
elastic behavior within the Hooke's Taw region is called "anelasticity", and
the various mechanisms which cause the non-elastic properties have been
grouped under the term of "internal friction". The study of the internal
friction in soils is very important for wave propagation, because the de-
crease in the intensity of a seismic wave with distance is caused by the in-
ternal friction, and the change in shape of the seismic wave with distance
is also, in part, a result of internal friction, specifically, its dependence
on frequency of the stress wave.

Due to complexity of the internal friction of soils and lack of experi-
mental data from fields and laboratories, not only an explicit treatment for
the internal friction has not been established experimentally and theoreti-
cally, but also it is unknown whether the internal friction is due to solid
friction or viscous friction. The first approximation to mathematically
express the internal friction is to assume a soil as a suitable viscoelastic
model. It is sometimes useful to solve problems of soil dynamics, because
of simplicity and the experimental results obtained by various procedures
can be related.

The experiments described in Chapter 3 gave the interesting results
that the dyn;mic moduli of elasticity of the clayey soils were 3 to 6 times

larger than the static moduli(strain rate dependence) and the stress wave
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attenuated exponentially with distance(energy damping). In order to consider
the above mechanical characteristics of the soils in a small strain level
(<10'3), the spring-voigt model will be assumed in this chapter, and its

viscoelastic constants will be on the discussion.
4.2 Wave Characteristics of Spring-Voigt Model

4,2.1 Selection of Model

The mechanical behaviors of solids are extremely complicated and can
not always be expressed by a simple viscoelastic model. To allow for the
fact that a number of 4ifferent relaxation phenomena may be taking place
simultaneously in a soild, more complicated models have been considered.
These consist of a number of Maxwell models jointed in parallel or a number
of Voigt models jointed in series. The solid 1s thus considered as having
a number of different relaxation times, or in the limit a continuous spectrum
of relaxation times. This treatment is mathematically equivalent to
Boltzmann's approach.

Boltzmann suggested that the mechanical behavior of a solid was a
function of its entire previous history, and assumed that when a specimen
had undergone a series of deformations, the effect of eacn deformation was
independent of that of the others, so that the resultant behavior could be
calculated by a simple addition of the effects that would occur if the de-
formations took place singly. This assumption has become known as the
principle of superposition. One form of the superposition principle is ex-

pressed by 1)
t

O(e.t) = Fle) -/ E(T)-f(t-T)dT (4.1)

where, 0(€,t/ denotes the stress at time ¢, €(7) the strain at time T and
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f(t-1) is called a memory function. F(e) is a function of €. Eq.(4.1)

means that the total stress o is the sum of the components of stress re-
maining from the entire past history of the specimen together with the stress
corresponding to the instantaneous value of the strain € at time ¢, F(e).

The use of Eq.(4.1) is most general treatment for the behavior of
viscoelastic materials. However, the application of Eq.(4.1) to the dynamic
problems such as vibrations and wave propagation leads the extremely complicated
mathematical expressions. Accordingly, the assuming the appropriate finite
element viscoelastic model is sometimes useful for the analyses of dynamic
problems.

For an aim of selecting a model that simulates a particular behavior
from a set of tests which involve an application of a sinusoidally oscil-
lating force, Bland has tabulated these relationships for the eight simplest
viscoelastic materials up to four element models. According to this table,
one can find an appropriate model to fit the experimentally determined
complex moduli or compliances in a particular frequency.

The author has analytically studied the one-dimensional wave propagation
through some simple viscoelastic models such as Voigt, Maxwell and spring-
Voigt models as shown in Fig.4.1 in order to know the natures of wave propa-
gation and to examine the influence of the viscoelastic constants on the

natures3)’4).

The analytical solutions of the rod wave propagation in the
semi-infinite viscoelastic rods subjected to the spike pulse stress at the
end were obtained, by using the way of the Laplace transformation, the
inversion integral formula and the contour integral. The spike pulse stress
is like as shown in Fig.4.2 which simulates the input surface pressure to

the soil specimen obtained by the shock tube in the experiments described

in Chapter 3. The calculated results are as follows:

Voigt Model

The wave forms at various distancesin the rod of the Voigt model are
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Fig.4.1 (a) Voigt model, (b) Maxwell model and (c)
spring-Voigt model(sometimes called as standard

linear viscoelastic model).
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“indicated in Fig.4.3, where the dimensionless stress I’, the dimensionless

time 1 and the dimensionless distance £ are defined by the following relation;

r_o(xt) ¥
HE T=Eut | 3 =(PE)ux (4.2)

where, o(x,t) denotes the normal stress at time ¢ and distance x, £ and p
are the viscoelastic constants as expressed in Fig.4.1 and p the mass density.
These dimensionless variables will be used for another models in the same
way.

Since the behavior of Voigt model becomes perfectly rigid by the shock
loading, wave front goes forwards in the medium with infinite velocity.
There occurs no shock front at all and the duration time at each situation
gradually increases with distance. Thus the wave form in Voigt material
becomes flatter as the stress wave propagates into the medium.

Maxwell Model

The wave forms at various distance in the rod of Maxwell model are
shown in Fig.4.4, Comparing the figure with Fig.4.3 for Voigt model, there
exist remarkable differences, that is, (1) Maxwell model exhibits an instan-
taneous elastic response and the wave front propagates with an elastic
velocity vE/p, (2) even when the wave proceeds into longer distance, the
shock front can be seen, and (3) the wave form at the boundary surface does
not change as the wave goes down. Furthermore, it is found from this figure
that the attenuation of stress at the wave front is uniquely expressed as
exp(-0.51).

Spring-Voigt Model

The response wave form for this model is dependent upon two parameters

of k and B8 defined by

4 = B = —— (4.3)
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Fig.4.4 Response of Maxwell model subjected to a

spike pulse stress.

-96-



where, T is a time as indicated in Fig.4.2. Fig.4.5 shows the features of

5)_

0
stress wave propagation in this model in the case of k=I and B=:

The
stress attenuation at the shock front depends upon the parameter k; for this
example it decays in the manner of exp(-2.251). As would be anticipated
there exist discontinuous stress jumps in the neighbourhood of the surface
where the value of £ is small and, at the same time, there is no change of
wave forms in these positions. Thus the medium behaves like Maxwell body
there. Reaching £>£.0, however, there appears some roundness at the wave
front and, for still larger value of &, the change of wave form being much
remarkable. It can be said, therefore, that the medium behaves like Voigt

6)

body. Lai and Sauer ’ have called the depth at which this phenomena appears
as the critical depth.

Fig.4.6 shows the typical calculated results of the attenuation of peak
stress with distance with a parameter x. Furthermore, Fig.4.7 shows the
calculated results of attenuation of peak stress with the real variable of
distance under the conditions given in the figure. From these figures, one
can see that the attenuation increases with increase in the parameter « for
a constant value of 8. The increase in » implies the decrease in Young's
modulus £’ of the free spring compared with the Voight spring = in the
model. The above phenomenon can be understood by taking into account that
Voigt behavior is mainly remarkable with increase in . Furthermore, it
was revealed out from other considerations that the increase in 2 which
implied that the spike pulse became sharp(see Fig.4.2) caused the large a-
mount of attenuation of stresss), and that the attenuation depended on the
product of £ and . as well as £’, but not = and ., 1nd1vidua11y4).

Throughout the above analytical study on the rod wave propagation
through semi-infinite viscoelastic rods sutjected to the spike pulse stress

at the end, we can understand that the spring-Voigt model has both character-

istics of Voigt and Maxwell models. On the other hand, cohesive soils are
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Fig.4.6 Calculated results for attenuation of peak stress
in spring-Voigt model(B = 1).
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considered to have both characteristics of Voigt and Maxwell models in small
strain level. These characteristics have been observed in the rod wave prop-
agation tests for the cohesive soils described in Chapter 3, with respect

to the instantaneous elastic response, the change of wave forms with travel-
ling distance and the attenuation of peak stress. It was described in 3.6.4
that below the critical stress level defined as the stress of 20 to 25 % of
A the attenuation rate slowed down and the change of wave form was very
small. Assuming the cohesive soil as the spring-Voigt model in this stress

level, the author analyses the wave characteristics in the soil as below.

4.2.2 General Behaviors of the Spring-Voigt Model

The constitutive equation of the spring-Voigt model(Fig.4.1(c)) is
expressed as
Tsv kel

Z g + _k—E—'——G = Tsva + £ (44)

where, ©_.. and « are specific parameters of this model determined by the
viscoelastic constants, Z, &’ and u, and defined by

/ E

TSV = 14 k = E’ (4'5)

rs.,corresponds to the retardation time of the Voigt element of this model.

Strain Rate Dependency on the Stress-Strain Curves

Under the condition of a constant strain rate é, the solution of the
Tinear differential equation, Eq.(4.4), is obtained by

pel €
RTwE T Tatyw € kE
- RWE _;f(1-e *T
(k+ 1) (1 )+ e ]

’

£ (4.6)

The stress-strain relations for é=c. and €=c. are schematically shown in
- <

Fig.4.8.
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In an extreme case, £=0, Eq.(4.6) becomes

G - kE 8 = ’ e = ESE (4.7)
k+1 4, L
E E’

That is, the model behaves as a linear elastic body with the modulus of
elasticity Es called as a static modulus of elasticity. In this case, the
dashpot in the Voigt part of the model is inoperative. In the other extreme

case, e+ », Eq.(4.6) becomes

’

g=~LrcE€E ' (4.8)

Also in this case, the model behaves as a linear elastic body with the modulus
of elasticity £' called as an instantaneous modulus of elasticity. The
Voigt element of the model becomes rigid in this case.
In the range between two extreme cases, the equation to give the
tangent modulus of elasticity is expressed as
kel €

do _ _E’ R Ty £ KE’
T: rownl s ey (4.9)

Therefore, the initial tangent modulus z, is

Ao ,
E, = ¢ | = E (4.10)

E8 is obtained by the static tests with the small strain rate, while
E' is obtained by the dynamic test with the large strain rate such as the
resonant-column method, ultra-sonic pulse method and the shock tube technigue
in the present study, in which the strain rate of 103 &/miv. in order is
used.

Behaviors under Cyclic Loading

When this model is subjected to a cyclic stress of which ampliitude is

959 its stress-strain relation is as shown in Fig.4.9. The stress-strain
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relation is elliptic and is expressed in mathematical form as

0 =(Y,+c%;)¢ (4.11)
where, the term of ¥, + 7Y, is called as a complex modulus and, Y, and Y,
are given by
kel v kW Ty kw Gr
Y’ = - 2 572 i Yz = 2 - 2 (4.12)
(R+1)° + (Rw Tgy) (R+1)°+ (kW Tgp)
The chord modulus E, in Fig.4.9 is defined by
E =y%*+Y (4.13)
Furthermore, the specific damping capacity ; is defined by

W e Y,

where, A% denotes the energy dissipated per cycle(:.e., the area enclosed
by the stress-strain curve in Fig.4.9), ¥ the potential energy stored per

8)

cycle(Z.e., the area of OAB) and ¢ the specific dissipation function™’.

4.2.3 Wave Characteristics

We are concerned with a semi-infinite rod, x>, of spring-Voiét material
where the xz-coordinate is measured along the length of the rod. Assuming
that the longitudinal sections of the rod remain plane and the stress acts
uniformly over each section during the passage of waves, we can express the

equation of motion as follows;
PuUy, = — 0y (4.15)

where, u(x,t) denotes the displacement aiong the x-direction and the sub-
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scripts represent partial differentiation with respect to the corresponding
variable. With the assumption of infinitesimal deformation in motion, the

kinetic equation is

€ = — U, (4.16)

From Eq.(4.15), Eq.(4.16) and the constitutive equation £q.(4.4), the wave

equation can be obtained as

P z;'? Ocee +P%O’“ = Ozr + Ty O (4.17)

The wave equation with respect to the displacement x is same as £q.(4.17),
where . is placed in c.
In order to know the wave characteristics of infinite harmonic waves

through the rod, we try a solution into Eq.(4.17) as follows;

0 = Aexp[ifwt -(#+i0)x}] (4.18)

where, 4 is the stress amplitude, « the angular frequency, ¢ the wave number

and o the attenuation constant. We obtain

-L ’
g7 . s £74 Koy ), E s+ Ew'Ey (4.19)
- 2E,E’ !+ W Ty | + W Ty '

(4.20)

o ?w? ( E'?+ g.‘w’zv)*_ E'+ E,w%0
2E,E’ | + W T I+ Ty

Furthermore, taking into account that the phase velocity cp and tangent

delta §,, are defined by

¢4, =-int (4.21)

where, e, is the velocity of propagation at zero frequency so that c0=/E8/p,
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we obtain the following equations from Eqs.(4.19) and (4.20),

I
c F
2 . (__?__) (4.22)
Co /¢ +C
1
v _ (A -¢c’ )’ (4.23)
TT /E + C
where, C and C' are
2
/ + (87 © Ty) . I+ by (WTy)
C = 2 » C = 2 (4.24)
I +(wTy) 1+ (w Tey)
and esV is the parameter determined by k as follows:
R
- (4.25)
(14 / + &

Fig.4.10 shows the curves obtained on plotting the velocity and the

tangent delta against Wt with the parameter es =0.1-0.9. It is seen that

17

14
for small value of w, cp approaches /Es/c whilst for very large values of

Top the

velocity corresponds to the elastic behavior of the twe springs in series,

w,cp approaches vE'/p. Thus at frequencies low compared with -/

while at high frequencies the Voigt spring is inoperative and the velocity
depends on the modulus of the free spring. The damping of the wave
is given by o and increases with increase in frequency; the tangent delta
(or specific loss), however, is proportional to o/w and it is seen from
Fig.4.10 that it approaches zero both for very small and very large values
of Wy with a maximum value between them. ST/v is maximum when AT is
about 1.

Fig.4.11 shows the variations of velocity and the tangent delta with

frequency for Voigt and Maxwell models obtained by the same way as the above

mentioned. In this case, ¢. is vE/p with use of the spring constant of the
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corresponding model as indicated in Figs.4.1(a) and (b) respectively. T,
is the retardation time for Voigt model and Ty is the relaxation time for
Maxwell model, and they are defined by 1/Eu. By comparing Fig.4.10 with
Fig.4.11, the wave characteristic of the spring-Voigt model is similar to
one of Voigt model in a low frequency range and to one of Maxwell model in
a high frequency range.

Nishigaki and Hirobeg)

investigated the dependency of the modulus of
elasticity and the loss tangent on the strain amplitude by using the soil
samples of Osaka diluvial clay by the hysteresis loop method. The frequency
range in their tests is 0.001 to 0.3 cps. They emphasized that the correlation
between the modulus and the loss tangent varied with the applied frequency

and its characteristics could be explained by using the spring-Voigt model.

Kondner]o)’]])

has tried to represent stress wave propagation phenomena
in terms of dynamic response spectra. He pointed out that stress wave prop-
agation in cohesive soils was a function of many factors including moisture
content and strength of the soil, applied stress intensity, time character-
jstics of the applied excitation and the soil, strain level, confining stress,
soil density, geometry of the soil-structure system, ete., and that many of
complicated aspects of wave propagation could be shown to be compatible and
meaningful when viewed and analyzed in terms of dynamic response spectra

over wide ranges of the spectrums. In order to unify the results of vibratory

12) 13)

steady-state =/, creep and blast pulse tests , he introduced a parameter

s(a/q,t) denoted as the compliance and defined as

I(%-f)=% (4.26)

where, o is the stress, € the time or frequency-dependent strain and q the
compressive strength of the cohesive soil. Fig.4.12 is a plot of the initial
compliance Jz(o/q,t) as a function of the time spectrum. Jl(o/q,t) corre-
sponds to inverse of the initial tangent modulus-of stress-strain curve.
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t denotes the time(in minute) required when the stress reaches a certain
value in the creep tests.

Furthermore, Kondner and Ho]4) investigated the energy dissipation of
cohesive soil. Energy dissipation is expressed in terms of the loss tangent
by the Fourier transformation of stress relaxation test data. The loss
tangent vs. logarithm of frequency relation gives a characteristic single
peak bell-shaped distribution as shown in Fig.4.13.

By comparing Figs.4.12 and 4.13 with Fig.4.10, we can easily find that
the characteristics concerned with the modulus(or compliance) and the loss

tangent of cohesive soils resemble very much those of the spring-Voigt model.

4.3 Similarity of Wave Characteristics in Viscoelastic Materials and

Saturated Porous Elastic Medials)

In general, soil is a mixture which consists of three phases of solid,
fluid and void. there are many unknown questions in dynamic characteristics
of such a mixture.

Biot explicitly induced the stress-strain relationships and the theory
of three-dimensional consolidation of saturated porous elastic media standing

on many assumptions]6)’]7)’]8).

Furthermore, he applied his theory to the
problem of wave propagation with infinitesimally small amplitudes and found
that there existed one shear wave, two compressional waves of the first and

the second kind in such a medium19)’20).

Although Biot's logical inference
is unique, there are still left extremely difficult problems how the elastic
constants expressed in his study and the amount of ‘mass exchange between
the solid and the fluid should be estimated. However, the idea that the
dissipative force is proportional to the relative displacement between the

solid and the fluid gives us distinct images for the characteristics of

energy absorption of soil in dynamic state. While, the Biot's theory is
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similar to one of viscoelasticity and it is found that the characteristics
of the compressional wave of the first kind are equivalent to those in spring-

Voigt mode12]) and the second kind to Maxwell mode122).

4.3.1 Biot's Approach

Biot considered the general three-dimensional propagation of both shear
and compressional waves in a saturated elastic porous medium. The first
was assumed to be a compressible liquid free to flow through the pores.
Assuming a conservative physical system which was statistically isotropic,
Biot derived the following stress-strain relations containing four distinct

elastic constants:

(4.27)

where, O;3 denotes the tensor components of the stress acting on the solid
part, -p the total pressure acting on the fluid per unit area of cross-section
of porous material, eij the tensor components of the strain in the solid

e and & the dilatations in the elastic structure and the fluid, respectively,
A and G the Lame's constants and CQ and p the constants relating to the
coupling between the fluid and solid constituents.

When waves with infinitesimally small ampiitude propagated in a saturated
porous elastic medium, Biot supposed that there occurred mass exchange between
the solid and the fluid phase and that the equivalent mass should be added
to both phases due to coupling in each other. Consequently, the negative
apparent mass has been introduced in his theory. This plays a role as
equivalent parts for both phases in kinetic energy and a dissipation function
in-the Lagrange's equation of motion. Under these assumptions, he derived

the following equations of motion]g);
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for the solid phase:

2

:) . .
Ofpj = S (puti + £2T0) +b -2 (ui = ) (4.28)

for the fluid phase:

2

—hi = S (Raui+ 22U - b (ui- ;) (4.29)

where, . denotes the displacement component of the solid and I'. the dis-

placement component of the fluid. Among o,,, ¢-,, and Pos » the relations exist

as

Pi = P+ %, P2 =—%a , Pa=F+5 (4.30)

in which p, and ey denote the mass of solid and fluid per unit volume of
aggregate, respectively, ¢_ the additional mass, and Pig the additional ap-
parent mass. p, and c, are given by the following equations with the terms

of mass densities c. and ¢, for the solid and the fluid and the porosity n:

p=(1-m)F , % =nf (4.31)
Furthermore, z is given by
n?
p = A (4.32)
k

where, n denotes the fluid viscosity and  the Darcy's coefficient of per-
meability.

Biot found that there existed one shear wave and two compressional waves
in a saturated porous elastic medium. One of these two compressional waves
is transmitted through the fluid and designated as the compressional wave of
the first kind. It has a velocity of propagation higher than that in water

alone. The other is transmitted through the elastic structure and designated
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as the compressional wave of the second kind. Its velocity is slightly lower

than that of the compressional wave for the dry condition23).

The former is
identified to be a common wave but the latter is found to lose the nature of

the wave and to be reduced to a diffusion-type process.

4.3.2 Ishihara's Approach

Biot did not examine throughly the result of his analysis in terms of
physical constants that were related to compressibilities of individual con-
stituent material. Ishihara made the Biot's approach to be more realistic
and more applicable to practical prob]em524).

Ishihara supposed the interacting force proportional to the time rate
of relative displacement between the solid and the fluid acting equivalently
to the two phases, in place of the mass exchange in Biot's theory. He intro-
duced the equations of motion as

for the solid phase:

2, 2
% S = %) v bsr(w T (4.33)

for the fluid phase:

Ui _ _p. - b 2—(u; - T;) (4.34)

S 5t

where, Py and p, are bulk densities of the solid and the fluid. In his case,
b is given by

b = _n’hwd

& (4.35)

where, Y, denotes the specific mass density of the fluid and 5 the acceler-
ation of gravity. Furthermore, he expressed the elastic constants in the

stress-strain relationships by the terms of four kinds of compressibility
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(bulk, solid, pore and fluid compressibilities) which have been proposed by

Nagumozs).

According to Ishihara's approach, it is possible to estimate the
elastic constants quantitatively, because the compressibilities of soil can
be easily obtained from experiments, and in fact, they have been measured by
many investigators.

The equation of wave propagation for the compressional wave of the first

kind is derived as
32 P 2 _2 _
[6(%*%)5%‘(_3:2 —g’v’)-f’ss’w W(D—ﬁ TV V )]e =0 (4.36)

where, e denotes the volumetric straiﬁ and V: and 7 the phase velocity at
the zero and the infinite frequency, respectively. It is found that this
equation is equivalent to the following wave equation for the rod wave in a
bar whose properties are represented by the spring-Voigt model as shown in

Fig.4.1(c);

| 2 EE/ 2 P 2 32 _..E_, az .
[P(E+E’){ bbt’ - P(E +E’) abz‘} Mt (at‘ P az‘)}” 0(4.37)

In similar, the equation for the wave of the second kind is;

[ 2 2 -V’v]e =0 (4.38)
@ 35 = v U -

where, w, is the characteristic frequency given by

b(%+ fw) Wz
% Pw V2

W, (4.39)

and, Vs is the phase velocity at the infinite frequency. It is underdtood

from Eq.(4.38) that as the contribution of the second-order time derivative
is large, it has a nature of hyperbolic partial differential equation, while
it shifts to parabolic partial differential equation in the lower frequency

range, since the influence of inertia has Iittle_role there. Therefore, the
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physical phenomenon changes from the wave propagation to the gquasi-steady
state of consolidation. Eq.(4.38) is equivalent to the following wave equation
for a rod wave in the bar whose properties are represented by Maxwell model as

shown in Fig.4.1(b);

2 LE2Z L, (4.40)
Ehse * 380 T 7 17 :

b2
<

Comparing Eq.(4.40) with Eq.(4.38), the terms of

O ftn

and EFu correspond to ?d
and W, repectively.

Throughout his investigations, Ishihara concluded that the first kind
of wave travelled through the solid-fluid system without causing any change
in the pore volume, but the wave of the second kind could prcgress only when
the volume change of pore space took place. It was further suggested that the
wave motion usually felt during the earthquake or detonation of explosives was
identified to be the first kind of wave at low-frequency range and that the
usual consolidation deformation corresponded to the second kind of wave at

low-frequency range.

4.3.3 Comparison with the Wave Characteristics of Spring-Voigt Model

It is assumed that the medium is homogeneous, isotropic and viscoelastic,
and that its volume change is elastic and the relationship between the devi-
atoric stress and the deviatoric strain is expressed by the spring-Voigt model
as shown in Fig.4.14. The constitutive equations are;

for the volume change:

0 = 3Ke (4.41)

for the deviatoric stress and strain:

/

’ . ’ !l -
2G-G Jij *2% i = (@@ T * T T (4.42)
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where, k denotes the bulk modulus and Tij and Yij the components of the devi-

atoric stress and strain. They are related with the stress tensor components

o and the strain tensor componentse.. by the following equations;
(% <%

- - /
7-‘,]. = a'ij - ggij , o = Ta'" (4.43)
a“] = € 'éSij , e ’%e‘ﬁ (4.44)

where, e.. is given by the following equation by using the displiacement
components & .;

/ . ..
e;j - > (Ui,j + UJ,A.) (4.45)

From Eqs.(4.41) and (4.42),

/ ’ a
01{K+ §0@+7ﬁ9}68”
i G -+ e,_'7§.i%_ kk O]
’, ! 2
, 26 mw3T) . (4.46)
;1 2 t/
G*+G+o3F

Substituting Eq.(4.46) into the equation of motion

(4.47)
we obtain
’ !l o | A~ ! 2
2. +— =G (G*+35F X
;. G ","_‘;) 77y +{K+ I J’_‘?)}jmd"’“’" (4.48)
b &#G +T‘.3_t. &’&-FDT

where, & denotes the displacement vector. Applying the divergence operator

to Eq.(4.48), we obtain the equation for the compressional wave

4, /3
L4606+ 4) ) .-

p%-{x»f 3 (, ':‘;‘)}V’e (4.49)
&1’6’4—7‘—?
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On the other hand, using the curl operator to Eq.(4.48) becomes

/ | 2
Yw 6‘(6’*;4"3:) 2 A
p Y = q f'G’ T 2 Ve (4.50)
"w T

where, @ is the rotation of the displacement vectoru. By solving Eqs.(4.49)
and (4.50), the phase velocities and tne logarithmic decrement are obtained,
by means of infinite harmonic waves as follows;

Compressional Wave

!
7 2 7 &, (/F-p )
S G S ¥ 18

P+ P /P + P’
where, > and =’ are given by
PRRAL Pl ETW 4.52)
= 2,,2 ’ 2,2 (4.
/+'(cw /*Tcw

Rotational Wave

] , N
i =( 2 )‘ , Bu =2(____/_'°,)’ (4.53)
LA /a + @’ T /—51-@

where, ¢ and ¢’ are given by

2 __2. .2 2, .2
7w . w
o - L*onT Qe O

!+ Tlw? [+ Th@?

(4.54)

Throughout Eqs.(4.51) to (4.54), 1 and Ve denote the phase velocities,

8, and GH the logarithmic decrements relatea with the attenuation constants,

-

a,. and Qs by

c
2m Ve ole . 2RV Oy
5 = — ’ Sy Q= (4.55)
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v and :é are the phase velocities at zero frequency expressed by

: Kk 266 :_ GG (4.56)

T T paee) % T eGee)

The phase velocities ©° and :_ at the infinite frequency are respectively

given by
:  K+Eé 7. G
V- y B (4.57)
¢. and g, are parameters defined by
% ) 6y = (= )2 (4.58)
% - () - om '
Finally, 7. and <. are given by
! ’ /
w(k+ $a) y
[+4 = 4 . ’ = ’ (4.59)
G(K+56)+ KG Gra &
7 - (4.60)
H /u&

Fig.4.15 shows the calculated results from Eqs.(4.51) and (4.53) in the
range of ec and GE of 0.1 to 0.9. The wave characteristics of both com-
pressional and rotational waves are identical in the expression. If . is
replaced by the reciprocal of the characteristic frequency given by £q.(4.39)

as

d . p‘P"V;‘:’ - KPw ]
Y% bln )Y bR +Pe) O (4.61)

in the compressional wave, while Ty is replaced by the reciprocal of the

characteristic frequency as

1 - % (6.62)
Wy b
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Fig.4.14 Spring-Voigt model for the relationship between

the deviatoric stress and the deviatoric strain.
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Fig.4.15 Wave characteristics of the assumed model.
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in the rotational wave, then the characteristics shown in Fig.4.15 are similar
to those in the saturated porous elastic medium proposed by IshiharaZ]).
Furthermore, if T.0r T, is replaced by the retardation time, Ty defined

by Eq.(4.5), Fig.4.15 is identical to Fig.4.10 for the characteristics of

the rod wave.

Comparing Eqs.(4.59) and (4.60) with Eas.(4.61) and (4.62) with each
other, it is understood that the viscoelastic constants, - ‘u, - and G', are
related with the coefficient » given by £q.(4.35) for the saturated porous
elastic medium. In other words, the viscoelastic constants depend upon the
coefficient of permeability and the porosity(or void ratio). Furthermore,
we may conclude that, if soil is assumed as the spring-Voigt model in a
dynamic state, the free spring in the model expresses the behavior which is
independent of the coupling between solid and fluid phases, while the Voigt
element expresses the coupling behaviors depending on the relative displacement

between two phases.

4.4 Experimental Results and Discussions

As understood in the previous sections, the mechanical characteristics
of the spring-Voigt model are uniquely determined by z’, Ty and k. In this
section, these constants are obtained from various tests such as the rod wave
propagation test presented in Chapter 3 and the forced vibration test, and

their dependencies on the confining pressure and the frequency are discussed.

4.4.1 Determination of the Viscoelastic Constants of the Spring-Voigt Model

The velocity of wave front and the attenuation constant have been ob-
tained in the rod wave propagation test for the clayey soil samples. At the
same time, the static triaxial compression tests have been carried out using

the same soil samples and the static moduli of elasticity have been obtained.
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These test results are tabulated in Table 4.1, where cp is the velocity of
wave front and e, is the velocity calculated from the initial tangent moduls
Es of the static stress-strain curve and the mass density p in the formula
¢§;7E. Wave characteristics of the stress pulse propagation in the experiment
are considered to be far from those of the sinusoidal stress propagation in

the theoretical analysis in Section 4.2.3. However, according to Fourier
analyses of the stress pulse propagation by Hirobe26), its wave characteristics
correspond to those of the sinusoidal stress wave with the frequency

of about 120 cpe. Therefore, in this section, the particular frequency of the
present stress wave propagation is assumed as 120 cps. Gr/” in Table 4.1

is calculated from Eq.(4.21) with the values of a, cp and w=Zr+22¢. The
simultaneous equations of Eqs.(4.22) and (4.23) are solved with the experimental
results of cp/co and 8/ and then, k and Toy are obtained. The calculated
viscoelastic constants are tabulated in Table 4.2.

The pre-consolidation pressure of the clayey soil samples is about 0.74
kg/cmz as described in Section 3.5.2. So that, the soil samples in test
series of 11-a to 14-a and 19-a correspond to normally consolidated clays
(N.C.C.), while those in test series of 15-a to 18-a correspond to over-con-
solidated clays(0.C.C.). From Table 4.2, it is found that esv is 0.1-0.2
for N.C.C. and 0.2-0.3 for 0.C.C.. The variations of the calculated constants
with p, are shown in Figs.4.16, 4.17 and 4.18. £’ increases linearly with the
increase in the confining pressure. This relationship is similar to that
between E, and p, shown in Fig.3.11. However, the relationships between =
and 1/u, and P, change at the pre-consolidation pressure marked as p; in

these figures. The rate of increase in 7 with z legs than p; is steeper

than that with p, larger than p;r 1/u is nearly constant with P less than
P;s but increases with P, larger than p.. These tendencies of the viscoelastic
constants with the confining pressure state that £’ is independent of the

pre-consolidation pressure, but the damping characteristics which are related
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Table 4.1 Experimental results by the rod wave propagation

test presented in Chapter 3.

No. o cp e, ;'c, 4 GT/ﬂ
kg/cm € m/sec m/gec -
1i-a 2.1 365 130 2.80 0.21 0.203
12-a 1.37 290 123 2.36 0.46 0.354
13-a 1.21 300 127 2.36 0.39 0.311
14-a 0.90 240 115 2.08 1.06 0.675
15-a 0.54 200 108 1.86 0.45 0.239
16-a 0.40 180 91 1.98 0.57 0.272
17-a 0.26 155 75 2.08 0.63 0.259
18-2 0.16 130 76 1.70 0.23 0.079
19-a 1.06 280 114 2.46 0.44 0.327
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with £ and 1/u depend upon the pre-consolidation pressure. In other words,
the instantaneous elasticity ' is not influenced by the changes of soil
structure but is determined only by the effective confining pressure, while
the retardation elasticity expressed by the Voigt element in the model which
depends on the coupling between the solid particles and the pore water, is
strongly dependent upon the changes of soil structure27). 2./~ of 0.C.C.

is smaller than that of N.C.C. as found in Table 4.1. Furthermore, cp/c:

of 0.C.C. is near unity, namely, the strain rate dependency is relatively
minor. These facts are identical to the general concepts that the elastic

behaviors are predominant in the over-consolidated clays compared with the

normally consolidated clays.

4.4.2 Estimation of £’

E' is the sprinc constant which expresses the instantaneous elastic
response of the model. Therefore, this modulus is considered to be corre-
sponding to the dynamic modulus of elasticity obtained from the dynamic tests
with the high strain rate such as the resonant-column method, ultra-sonic
pulse method and the shock tube technique. As already described in the previ-
ous section, £’ is independent upon the pre-consolidation pressure and is
determined only by the confining pressure applied to the soils. The re-
lationship between E'(or Es in Chapter 3) and the confining pressure is linear.

It has been known that the main factors which influence the dynamic

shear modulus, G, are the void ratio e and the mean effective principal stress

d)
om' of a soil at infinitesimally small strain level, and that the relation-

ship among them is given by

. ,a5 46
Gy = Fte)Op (4.63)
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where, F'(2) denotes a function of =. For instance, its forms are presented
in Table 3.3.

As a consequence, E’(Ed or Gd) is influenced only by the void ratio and

the mean effective principal stress and can be estimated by the relation of

Eq.(4.63).

4.4.3 Estimation of the Time Constant

The time constant, gy in Eq.(4.5), v in Eq.(4.59) or Ty

is a important parameter which is related with the time-responsibility of

in Eq.(4.60),

the model. Fig.4.19 shows the relationship between t ., and P, obtained from

sV

the rod wave propagation tests. We can see from this figure that Ty is in

the order of 10'2 sec and that it slightly increases with P

For further estimation of the time constant, the forced vibration tests
were performed by means of the apparatus of the vibrational triaxial com-
pression test under the frequency range of 0.04 to 4 eps. The soil sample
is the saturated Fukakusa clay consolidated under the pressure of 1.0 to 2.5
kg/cmg. The amplitude of shear strain was in the range of 2.4x10'4 to 1.4x
10'3. Measuring the area surrounded by the hysteresis loop in the shear
stress-strain curve, the time constant 7H=—%? in Eq.(4.60) was calculated

from the re1at1on28)

T, - "W (4.64)

7[6)706;{7 7(705)}

where, AW denotes the area surrounded by the hysteresis loop, Y, the amplitude

of shear strain and T, the amplitude of shear stress. Fig.4.20 shows the

relationship between the frequency and 1, calculated from the above equation.

H

In this figure, there are also expressed the time constant, v, in Fig.4.19,

sV
and the data calculated from the viscoelastic constants of Burgers model shown
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29)

in Fig.4.21 which Hatano and Watanabe obtained by the forced vibration

30).

tests and also from the experimental results by Akai and Okano From
Fig.4.20, we find a distinct relation that the time constant increases linearly
with decrease in the frequency in the range less than 1 cps and tends to be
constantwith the average value of 3x10'2 sec in the range more than 1 cps.

The mechanical behaviors of soils will be classified into three states by

the frequency; quasi-static, transitional and dynamic states. The creep and
relaxation phenomena belong to the quasi-static state. In the transitional
state, fTH or f%sV is almost constant. Furthermore, in the dynamic state,

T, Or T,

H 14
and dynamic states is about 1 zps. On the other hand, Hardin

is nearly constant. Its bounded frequency between the transitional
31) tried to
express the mechanism of the damping in dry sands by the Voigt model.
According to his experimental results, the value of w/uG, in which u and 7
denote the viscoelastic constants of the model, varies between 0.01 and 0.07

6 to 10'4

for shear strain amplitudes in the order of 10~ and for confining
pressures between 500 psf and 3000 psf. And also his value of w/uG is
approximately independent of frequency.

24), the order of the reciplocal of the character-

According to Ishihara
istic frequency for the saturated porous material, + , defined by Eq.(4.39)
which is considered to be equivalent to the time constant in the present model,
is 10'3( seec ) in the case of sand and 1077 - ]0_8(sec ) in clay. These
values are extremely smaller than the values shown in Fig.4.20. The coef-
ficient » in Eq.(4.39) has been derived by assuming the Poiseuille flow and
Darcy's law for the water in the void. However, it is well known that the
effective porosity through which the pore water can flow under certain hydraulic

32). Consequently the

gradient is extremely smaller than the total porosity
true value of b becomes much smaller, so that the calculated results of Z/L;C
or 1/w, becomes larger as known from Eqs.(4.61) or (4.62), and should corre-

spond to the experimental results as shown in Fig.4.20 obtained from the
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present viscoelastic approach.

4.4.4 Estimation of k

k% is another parameter which determined the characteristics of the model
and is defined by Eq.(4.5). The calculated values of k in Table 4.2 are
depicted in Fig.4.22. «k slightly decreases with increasing in P, and its

.33)

value is between 0.1 and 0.4. Tsai used the values of k between 0.01 and

1.0 in his earthquake ground response analysis, when he assumed the earth

materials as the spring-Voigt model. Akai and Okano=0)

reported that the
experimental results due to the forced vibration test and the free vibration
test could be well explained by assuming the soils follow the spring-Voigt
model, if the values of X between 0.5 and 1.0 were used. According to Hatano

and Watanabe's experimental datazg)

, however, k¥ defined by E/E' in the model
as shown in Fig.4.21 is in the range of 1 to 4 for clay samples under the

frequency of 0.5 to 15 cps.

4.4.5 Estimation of the Logarithmic Decrement

The logarithmic decrement is one of the indices which express the amount
of energy loss in a soil under dynamic states such as wave propagation and
vibrational loading. If the energy loss is small, the logarithmic decrement

§ can be approximately related with other indices as follows;

) Yy . 4w _ 1 . 2cK
T 2N 2NW a 2h = w (4.65)

where, ¥, @, AW and ¥ have been already defined by £q.(4.14) and, % denotes
the damping ratio, a and ¢ the attenuation constant and the velocity re-
spectively.

34)

Seed and Idriss have emphasized that the damping ratio as well as the
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deformation modulus is strongly dependent upon the strain amplitude. Generally
speaking, the damping ratio rapidly increases with increase in the amplitude
of shear strain as shown in Fig.4.23. From Eq.(4.65), the damping ratio & is
half of & /m.

The Togarithmic decrements obtained from various tests are plotted in
Fig.4.24. The logarighmic decrements can be directly obtained in the free

vibration tes t30)

and in the forced vibration test they can be calculated
from Eq.(4.65) by measuring A and # in the stress-strain relations under
cyclic loading. For reference, the broken line in this figure represents

the case of asv or 9,.=0.35 in the viscoelastic approach in the previous

H

sections. Referring Fig.4.23, we can understand that the experimental results

in Fig.4.24 offer the data for the strain level of 10'3.

4.5 Conclusions

The mechanism of energy loss in soils is very complicated and is not
clarified sufficiently. The first-order apploximation of the energy loss
is the mechanism of linear viscous damping. However, it is also known that
the energy loss of soils can not be explained by some simple viscoelastic
models.

In this chapter, the soil has been assumed to be the spring-Voigt model.
This model consists of the free spring as the instantaneous elasticity and
the Voigt element as the retardation elasticity in parallel. The mechanical
behaviors exhibit those of both the Voigt and Maxwell models. The analytical
approach on the one-dimensional rod wave propagation to the spike pulse for
the spring-Voigt model showed that the velocity of wave front was finite, and
in the short distance there was no change of wave forms such as seen for the
Maxwell model, while in the long distance the change of wave form was remarka-

ble as seen in the rod of the Voigt model.
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Furthermore, the wave characteristics of this model have been investigated.
As the results, it can be understood that they are determined only by the

two parameters of T and esv, and that the phase velocity increases monoto-

V

nously with Wt and the distribution on the logarithmic decrement for wTgy,

v

is the single peak bell-shaped. Its peak appears near at wT g =1.0. These

characteristics well represent the experimental results according to Kondner

et al.w) ’]4).

Kondner introduced the concept of dynamic response spectrum
in order to estimate the dynamic characteristics taking into account the
various properties of soils. According to his plotting of the initial com-
pliance as a function of the time spectrum, its tendency is similar to one
of the phase velocity for the spring-Voigt model. He obtained the loss
tangent from the dynamic relaxation test and found that the loss tangent vs.
logarithm of frequency relation was a single peak bell-shaped distribution
as similar as the distribution of the logarithmic decrement for the spring-
Voigt model. His experimental results suggest that the characteristics of
soil in the wide frequency range are approximated by the spring-Voigt model.
One of reasons why the mechanical behaviors and the dynamic character-
istics of soils are very complicated is that the soil is a mixture consisting
of solid, fluid and void. Biot initiated to investigate the problem of wave
propagatioﬁ through the saturated porous elastic medium. Throughout his
investigations, it has been found that in such medium there exist two com-
pressional waves and one shear wave. Ishihara has extended the Biot's approach
and made it to be more realisticand more applicable to practical problems.
The characteristics of the compressional wave of the first kind are same as
those of the material of which volume change obeys elasticity and the relation-
ship between the deviatoric stress and the deviatoric strain is expressed
by the spring-Voigt model. And the characteristics of the compressional wave
of the second kind are similar to those of the rod wave in the Maxwell

material.
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The experimental results obtained from the rod wave propagation test for
clayey soil specimens as described in Chapter 3 were examined from the view-
point of viscoelasticity. The maximum strain amplitude of the soil during
propagation of rod wave was controlled in the level of 10'3. In the strain

level less than 10'3

, the mechanical behaviors of soil would be viscoelastic.
The viscoelastic constants and the parameters of the spring-Voigt model were
discussed with our experimental results. The obtained conclusions are:

(1) The parameter 3 is 0.1 - 0.2 for the normally consolidated clays and
0.2 - 0.3 for the over-consolidated clays. By considering that the
difference between the static and the dynamic modulusfor 9.C.C. is
smaller than that for N.C.C. and that the logarithmicdecrement is
smaller, it is concluded that the elastic properties of 0.C.C. are re-
markable compared with N.C.C..

(2) The free spring £’ is almost identical to the dynamic modulus of elas-
ticity Ed calculated from the velocity of the wave front. E' is linearly
dependent upon the confining pressure. =’ can be estimated only by the
void ratio and the confining pressure.

The constants of = and 7/u are not linearly dependent upon the confining
pressure but their relations change at the pre-consolidation pressure

of the clayey soil. These experimental results conclude that £ and 1.4,
which are considered to relate with the coupling effect between the
solid particles and the water, are influenced by the change of the soil
structure.

(3) The time constant Ty changes with the frequency. Its value is a few
seconds or more in the quasi-static state with the frequency range less
than 10'2cps and is a constant of about 3x10'23ec in the frequency range

more than 1 cps. In the transitional state, Tty is constant.

Therefore, the creep or relaxation phenomena of soils could not be in the

dynamic state more than 1 cps.
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(4) The ratio of E to E', k, obtained from the present experiments is between
o 0.1 and 0.4. Furthermore, according to the experimental data by other
investigators, k is considered to be a value less than 1.0, while only

the experimental data by Hatano and Watanabezg) shows = between 1.0

and 4.0.
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Chapter 5 Analysis of Earthquake Motions of Inhomogeneous Elastic

Surface Layer with Application of Multiple Reflection Theory

5.1 Introduction

It is known that damages to engineering structures during earthquakes
depend on the nature of the arriving seismic waves as well as on the properties
of the structures. The characteristics of ground shaking which are of major
interest to engineers for purposes of design are the intensity, the frequency
composition and the total duration. Generally, such features are functions
of the following three factors:

(1) the source mechanism,

(2) the material properties of the earth media along the various paths

through which the seismic waves travel, and

(3) the local geological conditions of the site under considerations.
The complicated nature of the earthquake source mechanism, the highly irregular
structure of the earth's mantle and crust, and the difficulty of making sig-
nificant measurements make it difficult to elucidate the real influences on
the ground motion. For the purpose of designing earthquake resistant buildings
and analysing ground shaking, however, (2) and (3) of above three factors are
especially significant in earthquake engineering. As development of computers,
detailed Tocal geology conditions and dynamic properties of earth materials
have been taken into account in response analysis of the ground during earth-
quakes. Consequently the following question arises; how does the local ge-
ology actually affect the incoming seismic waves and under what conditions
will it be significant in engineering problems? In 1972, "The International
Conference on Microzonation" was held at Seattle.in U.S.A., where a large
number of papers on observations of earthquakes at various places of the world

1)

and analyses in which the local geology was taken into account were reported ’.
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In 1930, Sezawa and Kanai pointed out the possible effects of superficial

2),3)

soil layers on observed ground motions Since then, extensive research

works have been carried out both theoretically and experimentally to study

this prob]em4)’5).

By considering a simple layered model, namely, two layered
strata composed of a baserock and a superficial soil layer, they explained

the possibility of prominent vibration of the superficial soil layer caused

by the multiple reflections of the body waves in it. This approach is called
the "multiple reflection theory of waves" or the "wave propagation method".
The principle of multiple reflections has been mainly used when analysing the
problems of the ground vibration during earthquakes.

6), and Idriss and Seed7) treated the

On the other hand, Parmelee et al.
layered system as a shear beam because of the analogy between the governing
differential equations for these two systems. The shear beam is lumped into
a discrete mechanical system and a technique of modal analysis or direct nu-
merical integration is applied to analyse the system. The irregularities and
inhomogeneities of the geometric configurations and the material properties
of the local subsoil media, such as non-linear hysteretic stress-strain law,
can be taken into account by this lumped mass model. In this model, however,
the deformability of base rock is not considered and, therefore, the fact that
a portion of wave energy transmitted from the superficial layered system
goes back into the base rock, so called "geometrical dissipation”, is neglected.

Now, & question arises whether the above two techniques, the wave propa-
gation method and the lumped mass model, are equivalent and lead to the same
results or not. In recent years the accuracy of modal superposition in the

)

lTumped mass model is examined by Whitman et a1.8 . Furthermore, the com-
parison between these two techniques has been investigated by Arango and

Dietrichg). They concluded that although the maximum accelerations at the
ground surface by the two techniques were almost identical, there appeared

to be some differences in time histories of accelerations, and that the
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values of stress and strain obtained by the two techniques also showed rela-

10) assumed a non-viscous shear beam model con-

tively poor agreement. Tsai
nected at its base by a viscous dashpot, of which a damping coefficient
equals to a characteristic impedance of the base rock. This model could be
considered as an analog for a unit-area vertical column of the laterally
infinite layered system. By using this model, he reported that the defor-
mability of the base rock could be taken into account even in the conventional
shear beam model.

Whenever we calculate the response of the superficial soil layer, we
need the incident earthquake motions all the way from thebase rock to the
surface. Although it is very important and interest to observe earthquake
motions both on and under the ground at the same time in order to know the
behaviors of the ground during an earthquake, up to now most of the obser-
vations have been carried out only on the ground surface. Therefore, the
incident motions at thebase rock must be inferentially calculated from an
observed earthquake motions on the ground surface. For this purpose, the
wave propagation method is a powerful technique. Toki investigated the tech-
nique to calculate the vertical distribution of shear stress, shear strain
and acceleration in the superficial soil layer during an earthquake from the
observed earthquake record on the ground surface by means of the relationship
between the root mean square {r.m.s.) distribution of seismic response and
the autocorrelation function of the ground surface motion]]). Kagami and
Kobayashi carried out the numerical response analysis of the multi-layered
system in applying the multiple reflection theory of waveslz).

In general, the ground formation near the surface is very complicated
and the dynamic properties of earth materials vary with the confining pressure

as investigated by Hardin and Richart]3).

Furthermore, it is known that the
dynamic moduli and the densities of the earth material increase with the

depth in the ground. When we take into account such a complex geological
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condition for the response analysis, it is convenient for dynamic properties
and densities of the system to distribute with the continuous function which
increases monotonously with depth. Bhattacharya]4), and Upadhyay and Negils)
studied the problem of the response characteristics of such an inhomogeneous
elastic soil layer due to SH-wave which is incident vertically to it, and
obtained, under any inhomogeneous condition, the exact solutions which can be
expressed in terms of hypergeometric, Whittaker, Bessel and exponential

16) obtained the exact solutions for the

functions. Meanwhile, Kobori et al.
wave transfer functions of inhomogeneous viscoelastic soil layers and pre-
sented some numerical examples of the characteristics of ground shaking in
inhomogeneous elastic soil layers.

In this thesis, for the purpose of engineering applications an approxi-
mate technique in analysing the response of inhomogeneous elastic superficial
soil layer for incident motions at the base rock and calculating the under-
ground motions from the observed earthquake records at the surface will be
presented. This is based on the multiple reflection theory of wave. Com-
paring the numerical results by this technique with the exact one on the

characteristics of ground shaking, it is found that the approximate technique

has a high accuracy.

5.2 Definition of Base Rock

In analysing the response characteristics of ground for earthquakes, the
base rock of the site under consideration is defined as the layer under which
the effects of superficial soil layers can not be significant in the response
for earthquakes. In other words, seismic waves arrive equally to the base
rock from the source and the characteristics of ground shaking are determined
only by the geometric configuration of the local superficial soil layers.

17)

Iwasaki studied the baserocks in Osaka area. By calculating the

response of the ground by the modal analysis, he concluded that the granitic

. -147-



bed beneath Kobe and Nijo Group, about 1.5 km deep, should be considered as
the base rock because its impedance ratio is smallest through the layered
system in Osaka area. In addition, he concluded that it was possible to con-
sider Osaka Group 0.5 km deep, as thebase rock if we paid attention only for
maximum acceleration and maximum velocity in response analysis.

As described in Section 5.1, there are two ways to calculate the response
of layered system. The frist is the wave propagation method and the second
the lumped mass model. The former is based on the theory of wave propagation,
in which the base rock is considered to be a deformable half space foundation
and the geometrical dissipation is takeninto account. The latter is based on
the theory of vibration. In this case, since the layered system is replaced
by a vibration system with a finite degree of freedom, the base rock is re-
garded as a rigid base. Therefore, this method does not take into account
the deformability of the base rock. In this sense, when definiting the base
rock, the smaller an impedance ratio of the adjacent layer to the selected
base rock is, the higher an accuracy is in calculation of response.

18)

Tsai and Housner considered the shear beam model which was connected
at its base to the excitation 25 :,

through a viscous dashpot - as 1
p—t u1(-|-|1,t)

shown in Fig.5.1. The dashpot has (1)

a damping coefficient equal to (2)

S, a2 The transfer function D= ¢ L~ —L

TU#ITNEDC N+1 N1 —_—

of this model is same as one of (i)

the layered system overlying an v

elastic half space. By this model, D (n) u_(0t)

3 ~— N

the deformability of the base rock

can be taken into account in re-

sponse analysis by means of shear
Fig.5.1 The shear beam model presented
beam model. When the rigidity of 18)
by Tsai and Housner
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the base rock is very large compared with the rigidity of the adjacent layer,
the coefficient of the dashpot is large and the model approaches the con-
ventional shear beam model.

If Tsai and Housner's idea is adopted, the layer, of which the charac-
teristic impedance is largest through the geological configuration of the
site under consideration and which lies broad area, should be considered as

the base rock.

5.3 Basic Equations of Multiple Reflection Theory in Multi-lLayered System

We consider the ground consisting of horizontal multi-layers overlying
an elastic half-space as shown in Fig.5.2. i, and p, are the thickness and
the density, and U, and D, are the ascendeing wave and the descending wave in
ith layer, respectively. A set of n coordinates, z;, 1=1, 2, ... n, is
defined as shown in Fig.5.2. A relationship between shear wave velocity c;

and traveling time T is

T = ¢ (5.1)

The transmission and reflection coefficients of wave at the boundary between

h

the <% and the i+1th layers are defined as shown in Ffig.5.3. The impedance

ratio a, is given by
. €

Each coefficient shown in Fig.5.3 is expressed in term of o. as follows;

< ’ 20
ro-—2 , L
¢ /+ a; t /+Q
. =_I-L , ﬂ"= a, - |/ (5.3)

The equation of shear wave which propagates vertically only, is indicated as
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Fig.5.3 Definition of transmission and

reflection coefficients.
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Bzu"_ (t, 2‘-) = ﬁ"; Bzuj' (Z 2&)
Iz S

¢

(5.4)
Its solution is denoted by sum of the ascending and the descending waves
Z; z;
”t'(t'z‘)=27§("—cf) +DL.(1.‘—’Q+—C—‘Z— (5.5)

where, ui(t’ zi) is horizontal displacement at time ¢ and coordinate 2, in
the ith layer and Gi is shear modulus. The displacements at the boundaries,

z.=H, and z,=0 as shown in Fig.5.4, are given by

u; (t’Hi) = U‘(t"T,,) + D‘(t)

u, (¢t o) =0T @) + 0 (t-7) (5.6)

If the observed record at the 2.
i
ground surface is given by u; (t.H;)
u (t), there holds the follow- ;th H;
. . descending wave
ing relation between the as- layer ascending wave
cending and the descending 0 7
u;(t,0)
waves at the surface because
of free shear stress; Fig.5.4 The <°" layer.
' /
G (t-7) = D(t) = 5 us () (5.7)

In general, there are the following relationships among the ascending and

the descending waveslg);

U;(t) = ’zUZfl (t—Ti"‘l) +IHLIDL (t-'Z:-’) (58)
D,@) = gy T (t=7,) + ¥, D, (t-7,) (5.9)

The relationship between the incident wave x, z, and the ascending and the

descending waves in the nth layer is given by
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Uy (&) « = { Oy te) - g D, (2-70)) (5.10)

/
%
I[f either usft) or u:":) is known, the transient motion in all layers during
an earthquake can be calculated successively in time region by solving the
simultaneous equations of Eqs.(5.7), (5.8), (5.9) and (5.10).

Though the equations described above are derived with respect to dis-
placement, the same relationships also hold for velocity and acceleration of
earthquake motion, because the all equations become similar forms even if

differentiated with respect to time.

5.4 Calculation of Underground Motion from Surface Record of Earthquake

Motion

5.4.1 Derivation of Approximate Equations

In this section, the approximate equations to calculate underground
motions during an earthquake from the observed record us(t) at the ground
surface will be derived with the assumption that the superficial soil layer
is inhomogeneous, namely the elastic moduli and the density can be expressed
by a suitable function of depth which monotonously increases in depth.

Instead of the direct approach to the inhomogeneous soil layer, the
another technique is used; that is, the inhomogeneous soil layer of which
thickness is #, is divided into n homogeneous layers. The recurrent equation
to express the motion in arbitrary layer in terms of the known surface motion
us(t) is derived by means of the multiple reflection theory as described in
the previous section. By approaching the thickness of the each divided layer
to an infinitesimally small thickness, and letting the number of layers

approach infinity, the recurrent equation can be transformed into the inte-
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gral form. In the stage of obtaining the recurrent equation, the terms of
combinations of the transmission coefficients ;s Yi" =1, 2, ... © and the
reflection coefficients Bi’ Bi" i=1, 2, ... 7, will appear in the equation.
Since the characteristic impedance increases in depth as assumed above, an

impedance ratio a. is in the range of

o < a < 7 (5.17)

At the limit, where n goes to infinity, . approaches unity. Therefore, it
is found from Eq.(5.3) that Y, and Y approach unity, B, is positive value
and approaches zero, and Bi’ is negative value and also approaches zero.

In deriving the approximate equations as described below, only the terms of
first and second order of the reflection coefficients Bi and Bi" i=1, 2, ..
..7, are considered and the terms of the higher order are neglected because
they are infinitesimally small quantities.

From Eq.(5.7),

z7,(t)=7/u,(t+7,) , D,(t)=%us(t) (5.12)

The ascending wave in the Z"d layer can be expressed by the following equation

from Eqs.(5.8) and (5.12);

/ ,
0, (t) = 7 {u,(trz,rzz) =py Us (=7 +7z) (5.13)
Upon repeated application of the above recurrent equation,
Z7’(z‘)=—' —Z—U(trrrr +7, ) — b1 U (-7 + T+ 7))
3 2 “;& S / 27 ¢3 r’x} S 172" 3

2 XA
- By (0507 - R e (02T )
[ (] B
U@ =\ g (T % Br%) - e U (- 0T 5eg)
- LB -v-geren) - TEE 4 (g g-50 %)
R 5
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By 8 .
- —r_%}- Us (t+ -T2+ G+ ) — —;?f-;;— U (+T+ -5 1)

. Y-74 IO
¥R Us (z+74-7, 73'2'4)}

oooooooooooooo

we finally arrive at Eq.(5.15) in an arbitrary 2 th layer by taking into ac-

count Eq.(5.14),
B = —pB  ielzo (5.14)
¢! ]
T @& =—2/—{(Tr -,’T)us(n Z_‘:'zk)
Z{ 4
+ ﬂ.(‘ﬁ —)(Tr )us(t+z'r,. - 2 )

+ 5 Zﬁ,ﬁ, (15U Lt 257)
) ol &) Sepel tef e LY
( p<g) (5.15)

Similarly, for the descending wave in the % 1ayer

(t) ——{(?T )Us(t" ETR)
. s (3 5l fm vz g
:z: m/f,(rr—)(ﬁ' (TT %) us(e- B’fﬁ*”é“")}

I)':fl
(<) (5.16)
At the limit of bringing n divided layers to infinity, that is, the

thickness of each layer to infinitesimally small, Eqs.(5.15) and (5.16) can
be expressed by the integral forms

Tdz

Oiz,z) = m  ge) -—/A(z){us(t*/cw
'G 't'-)o

+f B(y) U (+ fcw —2f’cq)

+[3a)jaav)ug(t+ 2[! L )d dz}

(5.17)
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. L [z
p(t,z) = ‘/_',’: D, (t) = = A(x) {Us (¢ [ cx)
G- Tro
x ‘dz J d#
"’[ B(Y) Us (t @ / cq)

+ f 3@); BGw) ug (t c(x) 2,[, cw) )dw‘d?} (5.18)

In the above equations, we changed the coordinate system of inhomogeneous
soil layer as shown in Fig.5.5. : surface
x=0
inhomogeneous
soil layer

As described in the next subsection,
A(x) and B(xz) are functions of

depth and they correspond to the

transmission and the reflection
coeffients, respectively,c(x) is the

distribution function of shear wave

velocity. From Eq.(5.5), the dis-
placement u(t,x) at the arbitrary Fig.5.5 Coordinate system for

depth is given by inhomogeneous soil layer.

ul(t., x) = O0t. x) + D(t, x) (5.19)

Also, the incident motion uo(t) is given by

/
I

where, Y, and Bn are the transmission and the reflection coefficients at the

U, (t) =

{U(t,H) *fn D(t. H)} (5.20)

interface between the superficial soil layer and the base rock.

5.4.2 Discussion about A(x) and B(x)

A(z) is the limit value of the product of the transmission coefficients

and expressed by
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) i~/ ¢
= ./”" 7 —/— = /’m é
Atx) = I'm kTT, A EJ’Z (5.21)
From Eq.(5.3)
/
Tx
- a* (5.22)
I
so that o,
I % . L—Ia _Re a6 £l
ﬁ‘fi ke) k £CG 5 $im1 Ci-i
R/ '
§2X4
= (5.23)
Femt Cimi

If the distribution function of the characteristic impedance is given by

x(x)=p(z)e(x), we obtain the following equation from Eq.(5.23);

¢=!
X (o)
/im II ak = __(.
ir® ket X

(5.24)

Consequently, A(x) can be expressed by x(x) from Eqs.(5.21) and (5.23) as

Jd
A (o) } 2
X

Alx) = {

The characteristic impedance afx) which is a function of x is difined by

Ao = lim A (z-dx)
dxso  X(T)

x(x) - X (x)dx
x(x)

(5.25)

(5.26)

where, x'(x) means g%%?j. The reflection coefficient B(x, is given by

substituting Eq.(5.26) into Eq.(5.3)
/+ & (0)

X (x)
2 X0 dz

4
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So that, B(x) is expressed by

L(x) = —ﬁ% (5.28)

5.4.3 Characteristics of the Ground Shaking and Considerations on Accuracy

of the Approximate Equations

The purpose of sinusoidal steady-state analysis is to compute the re-
sponse of a given superficial soil layer subjected to excitation of steady-
state sinusoidal waves. This analysis is capable of indicating precisely the
frequency selective property of a given superficial soil layer.

The characteristics of the ground shaking are investigated with two
models of inhomogeneous soil layers. In order to examine the accuracy of the
approximate equations derived in the previous subsection, the models used are

same as those by Kobori et al.]6).

The characteristics calculated by the
approximate equation are compared with the exact solutions.
The dimensionless variable £ is defined by the following expression in

order to unify the expression of conditions of inhomogeneity;

- — 5.29
3 7 (5.29)

where, # is the thickness of inhomogeneous soil layer. The notations of dis-
placement, shear modulus, density and wave velocity of superficial layer and
base rock are shown in Fig.5.6. The two models used are shown in Fig.5.7(a)
and (b). The former is the model of which inhomogeneity is relatively small
and the latter is one of relatively large inhomogeneity.

Substituting Eqs.(5.17) and (5.18) into Eq.(5.20), the incident motion

uo(t) can be expressed by the surface motion us(t) as follows;
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§=0 . surface ug(t)
|
] * | displacement uz(t.g )
‘g:_x_ shear modulus : G(g)
5 : H density : p(g)
5 H (dimensionless wave velocity : C(g )
- : variable)
€3
1£=1
x X"—'O
8 displacement @ u4(t,x)
° x shear modulus : G,
g (real variable) density © Py
, wave velocity : C,

Fig.5.6 Notations of variables and properties in

an inhomogeneous soil layer.
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I p]1o Ggl1.0
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1.56 1.95
2.0 lﬁo
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Fig.5.7 The models used in the analysis]s).
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AC : Tdr
U (f) = Z;) {US (t Hf c(j')) 18(7)% (t+Hfg(§) ZH[-EI_?—)_)d7

n

+£B(A)[;§u)ug(b‘+ﬂ/?a£)-—zl “ )oudz,
+,3n{bl,(t H/Cq)) +[3(7)a,(t H[cw +2H/ = L )y

+/B(4)/B/Cu)u5 (¢ - H/cz;) ZH/ c/«))é"‘“’}}
(5.30)

Substituting the following equations into the above equation, the response
of the surface in sinusoidal steady-state for the infinite harmonic wave is

examined
teJT :
u,(t) =ae’ . U = Ay e (5.31)

where, a and 4_ are the amplitudes of displacement of the incident and the
surface motions, respectively, ¢ the imaginary unit and w the angular fre-

quency. The ratio of the amplitudes is given by the complex equation

As __2 | ’ (5.32)

a Al f-’- iO(n;

where,

4 ““(a"f,lfé)) /B(”)ws{a‘(/ﬂn 2{%)}47

+IIB‘0.)[’8)(/4) s fa, (f o ;Z) )} dudz,

(5.33)
= 9in (aoffm) /5(7) ”{a’(ff(x) —2/7;(; }
+] 3“"f 59“)""{”"(/ ® " / fw)}"w

(5.34)
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and a is the impedance ratio at the interface hetween the inhomogeneous

soil layer and the base rock. a, is the dimensionless frequency defined by

wH
Q, = — 5.35
o - (5.35)
where, , is the shear wave velocity at the surface and f(£) is the function

of £ and shows the distribution of shear wave velocity and is defined by

f3 =

c(3)
> (5.36)

(4

The amplitude characteristic of the surface is given by the following equation

from Eq.(5.32);

As 2 /

Jlal i Ry . (5.37)
Ial A1) (Pl+u:33)‘z"

and the phase characteristic of the surface is
9, = lfan' 22 (5.38)

)

By the same method as in the homogeneous elastic two layered system, the

amplitude characteristics at the bottom boundary can be calculated from

] - a1

where, AH is the amplitude of sinusoidal steady-state displacement at the
depth . The functional forms for density, shear modulus, shear wave velocity,
f(g), characteristic impedance, A(Z) and B(&£) used in calculation of Egs.
(5.33) and (5.34), are summarized in Table 5.1 for models 4 and B shown in
Figs.5.7(a) and (b), respectively.

Model 4 In this model, the inhomogeneity is relatively little and the

difference of rigidity between the superficial Tayer and the base rock is
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Table 5.1 The functional forms for the properties
of inhomogeneous soil layers about the

models A and B.
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fairly large. Under the inhomogeneous condition presented in Table 5.1,

Eqs.(5.33) and (5.34) become

P = cos (g(ua.) + %[cas (/60. +j(’)0o){6"- (8/fa,)-C (/“o)}

+8in (/60, +j(/)a¢,){5"- (8/?00) "S" (/500)}]

+ 25 Iy [wS(8/4_’Zao -f(/)a.){q-(8/320,)-6}(/600)}

8 044-4

+ sin (8/2+% % -;(/)ao){SL- (84+7 4) - (/60.)}J de,

(5.40)
§ = sin(§wa) + —f—[sm (768, + 30100 ) {Q(?l?‘ao) -¢; (/60.)}
~ oS (168, + §(1)0,) { S (8Ysa) - S, (/o’ao)}]
' 27‘[4_’;,[“’3 (8572 2, - 0200 ) {5, (8/375 a2) - 5. (164)
- sin (8/#Z ¢ —3a)ao){Q (8/4+20,) - C; (/&a.)}]dz,
(5.41)

where, g(1) is given by

"3
30) = [——————(h_})é_ (5.42)

and Si(x) and Ci(x) are the sine and cosine intergrals respectively, defined

by the formula

X .
s,00=[2La , g --[ Bl (5.43)
(] X

The numerical results of the amplitude and phase characteristics are obtained
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and shown in Fig.5.8. Compared with the exact solution by Kobori et al.]s),
the approximate technique was found to have a high accuracy. It is seen from
Fig.5.8 that the characteristics of the ground shaking do not differ so much
from the one of the simple layered system composed of homogeneous two layers.
Model B In this model, the inhomogeneity is relatively large and the
difference of rigidity between the superficial layer and the base rock is
small. Similarly as model 4, under the inhomogeneity condition, Eqs.(5.33)

and (5.34) become

p= cog(gma,) +2i[cos{4a, -30)40)[6‘-(44.)-6‘- (—g—aa)}
+sin (485~ 3038) {S; (42) - 5; (% @) }]

/
79 z—:z.—[m(’wa’ 2% {C,(Mo) C(zﬂ, }

22 ){s,(00)-5:(22 )}

-+

+ sin (3012, +

(5.44)

sin (§wma.) + %[cos (4a, - 3wa,) {Sz (42.)-5; (_13’;"‘)}

e
"

-gin (440—3(1)00){6'{, (440)'C'£ (—g—ao)}]

+ -Z— [’214 [sm (32, + %){Q(M‘) -G (z{az.. )}

= o5 (30220 + 3 ){S (4a,)-5; (£ }]dl-
(5.45)
where, g(1) is given by
d3
Jo) =| T3 = (5.46)
o (’*"%')
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Fig.5.8 The amplitude and phase characteristics

of model A.
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The numerical results of the characteristics of ground shaking are shown in
Fig.5.9. Compared with the exact solution, it is found that a little dis-
crepancy appears only in the low frequency range. It is about as high as

3 %. The tendencies of the amplitude and the phase characteristics of this
20)

model are so much different from those of homogeneous two layered system

5.4.4 Numerical Examples

The underground motions in the time domain are inferentially calculated
from the observed earthquake record on the ground surface and compared with
the observe& one.

As the one of Abeno re-development projects, Osaka, three seismometers
were placed at three different depthsin the ground; the ground surface, 10 m
and 30 m, in the campus of Medical Science of Osaka Municipal University.
Microtremors and earthquakes were observed from December, 1970 to March, 19712]).
The one of earthquakes observed in that period is Atsumi Hanto Oki earthquake
of January 5,1971, of which magnitude is 6.3, and the maximum acceleration at
the surface is 11.84 gal.

A typical configuration for a distribution of S-wave velocity at the ob-
served point is shown in Fig.5.10. Though its distribution is very complicated,
the distribution function of S-wave velocity is assumed as c(x)=200(1+4§93 for
simplicity, and the layer which lies 35 m under the ground and in which S-wave
velocity is 500 m/sec, is regarded as the base rock. The density in each layer
is in the range of 1.8 to 1.9 g/cm3 and considered to be constant through the
layered soil in the analytical calculation. The amplitude characteristic of
this ground is obtained by the manner described in the last subsection as shown
in Fig.5.11. It is found from this figure that the amplification at the surface
is relatively small. The fundamental predominant frequency is considered to be
2 cps by using the values of e, =200 m/gec and H=35 m,

The recorded accelerogram at the surface is shown in Fig.5.12(a). From

that, the underground accelerations are computed by using Egs.(5.17) to (5.19)
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Fig.5.9 The amplitude and phase characteristics
of model B.
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Fig.5.10 Distribution of S-wave velocity at Abeno site.
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Fig.5.11 Calculated amplitude characteristic of the ground.

at Abeno site.
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The calculated accelerograms at 10 m and 30 m under the ground are compared
with the observed one, as shown in Figs.5.12 (b) and (c), respectively. The
computation can be done very quickly. In these figures, we can see a good
agreement in the wave shapes. Figs.5.13 (a), (b) and (c) show the power
spectrum density functions S(f) for the observed and the calculated acceler-
ograms in Fig.5.12. We come to conclusions that the component of frequency
F=1.1 cps is prominent in all accelerograms, and that the component of
frequency 2.1 -rz is prominent in the surface accelerogram in spite of in-

feriority in the accelerogram at 30 m under the ground.
5.4.5 Conclusions

The ground formation near the surface is very complicated and the dynamic
properties of earth materials vary with the confining pressure. The dynamic
moduli and the densities of the earth materials increase with the depth
beneath the ground surface in general. There are many cases where the dis-
tributions of dynamic properties and densities of the layered soil system
can.be replaced by a suitable continuous function of depth which increases
monotonously with depth.

When designing underground structures such as tunnels or structural
foundations, we must know the underground motions during an earthquake. In
this section, the approximate approach to calculate the underground earth-
quake motions in an inhomogeneous soil layer from the surface record has been
presented. This is based on the multiple reflection theory. An:inhomogeneous
soil layer can be regarded as a special case of multi-layered system, that
is, it is composed of infinite multi-layers with an infinitesimally small
thickness and its dynamic moduli and densities distribute continuously with
depth. So that thewaveswhich are incident vertically to the inhomogeneous
soil layer may repeat transmission and reflection everywhere in the inhomo-

geneous soil layer. However, because of the smooth variation of the impedance
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ratio, the influence due to reflection waves for the results reduces as they
reflect so many times. In the approximate approach presented in this section,
only the direct transmission wave and the waves which reflect up to twice

are considered in the analysis. As a consequence, approximate equations (5.17)
and (5.18) are derived. The physical meaning of each term in these equations
38 visualized in Figs.5.14(a), (b) and (c).

Conclusions are:

1) When the distribution of the elastic moduli and the densities in the
ground can be expressed by a suitable continuous and monotonously increasing
function, we can calculate the underground earthquake motions from the past
surface record by Eqs.(5.17) and (5.18).

2) Even if we only take into account the direct transmission wave and
the first and the second order reflection waves, the accuracy of the approx-
imate approach is satisfactory in the engineering purpose. According to the
characteristics of the ground shaking for the selected inhomogeneous soil
layer models, the approximate solutions almost agree with the exact one.

3) The characteristics of ground shaking for the inhomogeneous soil
layer are very different from that for the homogeneous elastic two layered
system, as the inhomogeneity of the ground is remarkable.

4) We can compute the underground earthquake motions by this approximate
approach in very short computation time. According to the numerical example
by Atsumi Hanto Oki earthquake record at Abeno site in Osaka, it is found

that the calculated underground motions agree with the observed one.

5.5 Response of Inhomogeneous Surface Layer Subjected to Excitation of

Earthquake Motion

In this section, we study the response of the inhomogeneous elastic

soil layer subjected to an excitation of earthquake motion at the base rock.
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Fig.5.14 (a) direct transmission wave, (b) the first order
reflection wave and (c) the second order reflection

wave.
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We assume that SH-wave is incident vertically to the surface layer and the

incident earthquake motion is known.

5.5.1 Derivation of Equations for Response Analysis

The wave which is incident to the inhomogeneous layer, essentially re-
flects many times at the free surface and the interface between the super-
ficial layer and the base rock, as shown in Fig.5.15. The wave energy is
gradually absorbed by the base rock.

In order to calculate the surface motion as the response for the inci-
dent motion ua(t), we must calculate usl(t), usg(t), ...., etc. as indicated

in Fig.5.15. Then, the final surface motion us(t) is given by
Ult) = Uy(t) +Usa(t) +Ugz () + - -~ - - (5.47)

If we adopt the approximation described in the previous section, u2(t), “3(t)’

.., etc. can be related with «__(¢t), u_,(t}), ...., etc., respectively,

sl s

according to Eq.(5.18). Now, we compute u__(t), u__(t), ...., etc. one by

sl 82

one from the known function uo(t).

At first, uz(t) can be related with uo(t) as
U () = I Up(t) (5.48)

Eq.(5.17) for the ascending wave holds between w.(t) and «_.. ¢) and the new

[¥3}
~a

relation is given by

§
u,ct>=—A(H){us,(t+f C(,)+f3(«1)“ﬂ(‘ [c(z) 2{%})“1

H 24
/B&)[B(W) uS‘I (t + Cd(j) -2 C‘g) )d dz}
(5.49)

This equation is applicable when we know “sl(t)‘ However, we know only
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Fig.5.15 Multiple reflection of waves.
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ul(t) from Eq.(5.48). Then, in order to transform Eq.(5.49) to the equation
to give usl(t) in terms of ul(t), we introduce the Fourier transform. The

Fourier transformation of ul(t) is given by
@
/ -wt
T liw) = 75=) Ut)e dt (5.50)
/ ¢ 2 -00
Similarly, for usl(t),
] ® w/t
-c
t'w)=-—/ ug(t)e dt 5.5
T () = ===ty (5.51)

By the Fourier transfomation of Eq.(5.49), we obtain

2T (w) / (5.52)

G (i) = = ey T, )

where, " ’
]| 2 H
Fli, ) = € WIca){“wae /a’)“#
(]

H zdul:{éﬁa
+ [ 8@ /;cw)e co) atwdz}
o 0

(5.53)

(t) can be obtained in terms of w__{t) by

u,(t)-—-z—A(H)ﬁn{be,(r m)) f;q)“sz(f/z;”/ )dl

face)fﬂfw)ce,(t % /cw)“ e

h)

(5.54)

By the Fourier transformation of this equation, we obtain
T, (ww) = - 7/-A(H)/3,, T, (iw) G (iew, H) (5.55)

where, Ug(iw) is the Fourier transform of uz(t). G(iw,H) is given by
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o[ 4E H ; 14415
§(w. H) = @ “’l cx {I +f8l3)e"“'[ cp dy
2 B 7] A
+/Bcz)f 8(w) € v ) rds } (5.56)

The similar relations as Eqs.(5.52) and (5.55) hold between U, (tw), Uy 5(tw),

. » etc. and Us(iw), U4(iw), .... , etc., respectively, as follows;
) = 2T |
Z_’” () A(H)  F(w.H)
. 20,0w) /
Uos(a) = =000 Ftanm
(5.57)
and
T, (cw) = =~ = AGOPn Doy (1) G, H)
T, i) = - —L AGIB, Ty (ca) G, W)
----------- (5.58)
The Fourier transform of Eq.(5.48) is given by
T, (tw) = ¥, T, (cw) (5.59)
From Eqs.(5.52), (5.55), (5.57), (5.58) and (5.59),
Ty (w) = 22 7 ()
Lo _ 2l . é#(w.ﬂ)
Doy () = = i T (%) [mta. )}
o 288 1T ey, 1PnG @ P
%)= 0ty ) [ Rt m)pP
............... (5.60)
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Therefore, we obtain the surface motion, Us(im), in the Fourier transform

from Eq.(5.47) as follows;

Dyiw) = O, () + Ogylew) + Tyylew) + - - - -

LTl (B LR o LA R
) 3(”3 b (i) r(w.H):,e,,&(w,H)
(5.61)
In the above equation, F(iw,H) + Bnc(iw,H) reduces further to
Fi.H) + 3, @(iw. H) = 5P+ i) (5.62)

where, p' and q' are similar as p and q in Eqs.(5.33) and (5.34), respectively,

and expressed as

f = cos ( w/ az)) / B(y) cos‘( ca) 2wf L Cf})) d]

/.BC&{/-Bﬁd7ca$(;l Cﬁn) CI"O
f/e (e 5) + [spsin o] ”é‘if) o[ )4

+["B[2)[;M)sin (wa/”dz 241/ ccw))dﬂdi' (5.64)

(5.63)

So that, Eq.(5.61) becomes

. /
Uy liw) = A—w' U, (w) - m (5.65)

When the surface motion us(t) is known, the way to calculate the under-
ground motion u(t,x) from us(t), has been presented in the previous section.
From Eqs.(5.17), (5.18) and (5.19), this means that the Fourier transform
Qf u(t,xz) is expressed in term of Us(iw) as follows;
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Ty(w) = A p" T (i) (5.66)

where, Ux(iw) is the Fourier transform of wu(¢t,z). p'' is given by

3 - ws(w[ ca)) /Bq)cos/w s 2w/ czp)d]
+o/2(z)[3(w)cas@[xc% -zw[j%)dwl! (5.67)

Finally, we can obtain the surface motion us(t) and the underground
motion w(t,x) in time domain by means of the inverse transform of Us(im)

and Ux(im), as follows;

U (2) = ﬁ’? T, (iw)e “ o

-4

@®
_ 1 / R 4
ult,x) Vi al .,U’(w)e dw (5.68)

In the actual computations of the Fourier transform and the inverse transform

by computers, it is known to be convenient to use F.F.T..

5.5.2 Numerical Example

As a numerical example, the earthquake response of Osaka area has been
examined by the method presented in 5.5.1. O0Osaka is a controlling city for
the west part of Japan, and its population and house density have been heavily
increasing. So that, the potential of the earthquake damage becomes increasing.
From a point of view of the disaster prevention, Yoshikawa and Iwasaki have
thoroughly investigated the history of earthquakes, the response character-
istics, the geometrical formation of Osaka area and its dynamic

17), 22), 23).

properties Furthermore, they computed the ground earthquake

response motions by the lumped-mass modal analysis method and concluded that
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23). Owing to their

the computed motions agreed with the recorded motions
extensive researches, we may be able to roughly predict the behavior of Osaka
ground during earthquakes.

As found later, the vertical distributions of S-wave velocity and the
density through the superficial soil layer in Osaka, can be expressed by
suitable functions. Therefore, we can easily apply the approximate technique
presented in this section. By this technique, the characteristics of ground
shaking, response motions and the vertical distributions of maximum acceler-

ations and shear strains during a strong earthquake are computed.

Geological Formation of Osaka Area
23)

Yoshikawa and Iwasaki summarized the results on the dynamic properties
of Osaka soils explored by many researchers, and showed the geological for-
mations and their dynamic properties as presented in Table 5.2. Below the
top subsurface of alluvium clay and sand layers with 0-40 m thick, 400-800 m
thick diluvium layers called as Upper Pleistocene Formations, Osaka Group and
Infra Osaka Group consisting of clay, sand and gravel layers and tertiary
sand and clay soft rock layers called as Kobe Group and Nijo Group with
thickness about 300 m, continue down to the granitic base rock which exists
about 700-1400 m below the ground surface24). The S-wave velocity and the
unit weight of the ground are increasing nearly monotonously with the depth.
For the analysis of the response, the distribution functions of the S-wave
velocity and the unit weight were determined as indicated in Fig.5.16, where
the granitic layer was considered as the base rock. At the interface between
the base rock and the bottom boundary of the surface layer, the ratio of the
characteristic impedance @ is 0.187.

Incident Earthquake Motions at the Base Rock

By the principle of the multiple reflection theory, the incident earth-
quake motion at the base rock was inferentially computed by using the acceler-

ogram of E1 Centro earthquake of May 18, 1940, which is shown in Fig.5.17.
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Table 5.2 The geological formations of Osaka area and

their dynamic propertie523)

thickness |S wave velocity unit weight
m m/ sec _g/cm3
clay 80 ~ 190 1.6 ~ 1.6
Alluvium 0 - 40 _
sand 110 ~ 190 1.5 ~ 1.7
Upper Pleistocene|
Formations
Infra Osaka
Group
Kobe Group 300 500 ~ 800 | 2.0 ~ 2.1
Nijo Group
Gr?)r;tsl: rock 2700~3000 2.7
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Fig.5.18 shows the power spectrum density function of the accelerogram.
The geological formation for the E1 Centro location is shown in Fig.5.19

which includes layer thicknesses, wave velocities and densitieszs).

The layer
which lies 19 m below the surface of the ground, can be considered to be the

base rock. The incident motion uo(:J at the base rock was computed by

e . ] }
Up(t) = 7 {us(t) + [ uUs(t-27) (5.69)

where, y and B are the transmission and the reflection coefficients, and

us(t) is the surface motion. t is given by

T -2

(5.70)

~

where, Vs is the shear wave velocity of the first layer. The computed inci-
dent motion is_shown in Fig.5.20. The maximum acceleration is 76 gal (0.078
g) and the promineﬁ% period Tp is about 0.3 sec.. The power spectrum density
function of the motion is shown in Fig.5.21.

The above computed incident motion is used as the base rock motion of
Osaka ground in the analysis.

Characteristics of Ground Shaking

The characteristic of ground shaking was calculated under the inhomo-
geneous conditions as indicated in Fig.5.16, by the way described in 5.4.3.

In this case, p and q in Eqgs.(5.33) and (5.34) are given by
p = cos(3a,) + %[w{%(ﬂ’) * 2")}{62 22_,2)‘ q(%)}
+ sin {2, (g2 + 1) }{S; (£a) - %(7&)}]
[t ot e 8

- sin w300 - 2o ) 5, (Getio2)")-5 ?)}] «

(5.7M)
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= sin (g(/)a, 7 [sm{ao(i(/h }{ (42140) C(;f)}
- s fa 00+, (2) - 5:(2)]

. / 24)( ~
o s T CE

2.4

)-6.(29)
+ oS { Qo (3(/) - 4i(/+2oa )”'4)} {.S;_- ( 249- (re208)"* ) -5 (%)}] de,

(5.72)

where, g(1) is given by

Ju) = a/__—(’*”?)“ (5.73)

and a, is the dimensionless frequency defined in Eq.(5.35). The numerical
results of the amplitude and the phase characteristics at the surface are
shown in Fig.5.22 to Fig.5.24. It is found from these figures that the ampli-
fication of the amplitude is considerably large. The fundamental period is
8.06 sec. which is a relatively long period because of taking into account

the deep geological formations of about 1 km below the surface.

Earthquake Response Motions on the Surface and in the Underground

Earthquake response motions on the surface and in the underground were
computed by the method described in the preceding subsection. As the incident
earthquake motion, the acceleration presented in Fig.5.20 was given at the
granitic base rock of Osaka. The computed accelerations at the surface and
500 m below the surface are shown in Fig.5.25. The'maximum acceleration at
the surface is 526 ga1(0.54 g) and the frequency components of 0.45, 0.82
and 3.7 cps are prominent as found from Fig.5.26. The distribution of the
maximum accelerations in the ground is shown in Fig.5.27. It is found from

this figure that the maximum acceleration rapidly decreases at the depth of
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Fig.5.23 Continued, a = 400 - 450(f = 6.94 - 7.81cps).
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100 m, and 400 m below the surface, it is almost constant of about 0.15 g.
That is, the earthquake motions are amplified in the top surface layer of
alluvium clay and sand with relatively low rigidity.

Underground Shear Strain

It is interested from a viewpoint of the soil dynamics to know the level
of shear strain occurring in the ground during a strong earthquake.
From Eq.(5.6), the equation to calculate the shear strain y(¢,z) at the

arbitrary depth in the inhomogeneous soil layer can be derived as follows;

di(t.0) - (2, H;)

r(t,x) = bm

»0 H;
= tim B -Gi(r%) - 5(2-%) - 0,(2)
T, »0 H;
; / { bY/A 20 }
- / 3 i _ [
%o Zg | &5z "Gt

Tll:’o C‘- 2T aT

! { 2 (¢, %) aD(r,z)}

cex) FYA Y2
(5.74)
. . aU(t,x) AD(t,x)
In this equation, Bt, and EX correspond to veiocities of the ascending

and the descending wave, respectively. By using Eq.(5.74), the underground
shear strain in time domain was computed, where the time variations of acceler-
ation were integrated to obtain the time variations of velocity. The computed
shear strains at the 10 m, 500 m and 1000 m in the depth are shown in Fig.
5.28. At the near surface, the time variation of the strain is complicated.
On the other hand, as the depth increases, the time variation of the shear
strain is relatively smooth and the long period component is prominent.

From the strain curve at each depth, the maximum value of shear strain

was read and plotted in Figs.5.29 and 5.30. Fig.5.29 shows the distribution

-197-



{km)

Depth

x0° . . - — _
: |
osurface & q f‘ ﬂ
- 4 (9] % [ P S ! - Aﬂ + ’ | ﬁ‘J‘\
cop
§ Ty P”W" w’mm\f\ﬁ*
7] M \‘M J‘
3.0 )
[ o 10 20 30
Time sec
-
-3
10 -~ - - - — —
¥ 1.0} 500 m A '
8
oS5 | = & of I S 420 PN T ey A A
5 v NI [ S PO \J Mﬂ/ﬁ\r/
£ i ‘ v
I & \/
1.0
0 - T 20 30
Time sec
i -3
10 s 1000 m ’ N
f
I ,\
T ,
- \ ol . M A /A
o} | = & of. / / Ly v"/-\'\l.&.. JM"J\/W N0 e
; WYY e
77 ?
base rock 05/~ \ o L .
o 0 ' 20 30

Time sec.

Fig.5.28 Shear strain curves at 10m, and 500m and 1000m in the
depth.

-198-



Maximum shear strain (x10°)

—_ -
E

50
K =
-
Q b
Q
(a]

L /./
100} \o

Fig.5.29 Distribution of maximum shear strain in the

ground up to 100m below the surface.

-199-



Maximum shear strain

10 1073 1072
0 T T [ rrrr | T [T
! | | /. { ]
- -/ _
o : [} i -
-— o |./ -
£ |
£ | ‘ 4
o
)
a / ' §
L o ) 4
10 \‘o ' -
A7 ' TRN7
Granitic base rock

Fig.5.30 Distribution of maximum shear strain in the ground.

-200-



of the maximum shear strain in the ground to 100 m below the surface, while
Fig.5.30 up to 1000 m below the surface. It is found from these figures
that in the depth of 100 m, the maximum shear strain is almost constant and
its value is about 3x10'3, and that below 100 m in the depth, the shear

3 Strain level below 400 m.

strain decreases and is less than 10~
The computed maximum shear strains throughout the presented response
analysis, are relatively large because the damping characteristics of the
soil itself are not taken into account. Below 400 m in the depth, the as-
sumption that the soil mechanically behaves as a linear elastic material,
can be accepted even for strong earthquake because of the low strain level
in that places. In the shallow depth, however, the assumption of a linear
elastic body of the soil will not be valid, and it is necessary in the re-
sponse analysis to take into account the inelastic behaviors of soils such
as viscoelastic and elasto-plastic behaviors, and the characteristics of the
strain level dependency.
In the soil dynamics, the another important factor to investigate the
soil dynamic behaviors is the frequency component. Fig.5.31 shows the
Fourier spectrum of the shear strain at the depth of 10 m. We can find from
this figure that the frequency components of 0.46, 1.2 and 3.5 cps. are promi-
nent. Especially, the relatively low frequency component of 0.46 cps. is the
strongest. In that frequency range the soil is in the transitional state

26)

between the static and the dynamic state and shows the creep phenomena.

5.5.3 Conclusions

In the preceding section, the approximate approach to calculate the
underground motions in the inhomogeneous elastic soil layer during an earth-
quake from the observed surface motion has been presented. Also, the accu-

racy of this approach has been examined. In this section, by using the
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similar approximation as one used in the preceding section, a method to obtain
the response of the inhomogeneous elastic soil layer subjected to the incident
earthquake motion at the base rock is described. By this method, we can
simply calculate the response surface motion and the underground motion with
the Fourier transform. Although this approach is limited to the linear elas-
ticity and will give the greater accelerations and strains than expected

from the actual strong earthquakes, it is very convenient in the point of
being able to simply calculate the response motions in the inhomogeneous soil
layer with the short computation time.

The earthquake response motion of Osaka ground was examined by this
method. As the inhomogeneous conditions of Osaka ground, the distribution
functions of the S-wave velocity and the unit weight were assumed as indicated
in Fig.5.16. The acceleration curve at the E] Centro base rock which was
calculated from the ET Centro earthquake of May 18, 1940 was used as the
incident motion at the granitic base rock of Osaka. Throughout these re-
sponse analysis for Osaka ground, the conclusions are obtained as follows;

(1) The fundamental period of Osaka ground is considered to be about
8.0 sec., and the amplification of the amplitudes is considered to
be large when we take into account the deep geological formation of
Osaka area and regard the granitic layer as the base rock for earth-
quake analyses.

(2) The computed maximum acceleration at the surface was 526 gal(0.54 g)
and the prominent frequency components were 0.45, 0.82 and 3.7 cps.
and their periods were 2.2, 1.2 and 0.27 sec., respectively.

(3) According to the distribution of the maximum acceleration, it de-
creases quickly in the depth of 100 m, end is nearly constant below
400 m in the depth.

(4) The time variations of the computed shear strain in the ground are

complicated in the shallow depth, but in the deep places, the shear
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strains vary with time almost periodically, The maximum shear strains
distribute almost constant in the depth of 100 m, and their values

are about 3.0x10'3 strain. Below 100 m from the surface, the maximum
shear strains decrease with depth and their values become about
5.Ox10'4 strain below 600 m. According to the Fourier spectrum of the
shear strain curve at 10 m below the surface, we can find that the
frequency component of 0.46 cps. is prominent, in which frequency
range the soil is known to be in the transitional state from the
static to the dynamic state.

Although we can understand that the shear strain which occurs in the
ground, is at 10'3 strain level at most even during a strong earthquake, it
is well known that in this strain level, the soil does not behave as a linear
elastic material, but behaves viscoelastically or elasto-plastically and is
dependent upon the strain level and the strain rate. Therefore, in the
future study we must investigate the stress-strain-time characteristics of
earth materials and develop the method of the response analysis by which we
caﬁ take into account these inelastic characteristics and the detailed geo-

logical configulations.
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Chapter 6 Conclusions

The purposes of this thesis were :

(1) to develop new experimental laboratory technique, the "shock tube
technique", for study on stress wave propagation characteristics through
soils;

(2) to investigate the wave characteristics in close relation to the
physical properties of soils and to discuss them on the basis of visco-
elasticity; and

(3) to develop a method for analyzing the earthquake response of the in-
homogeneous grourd.

In this chapter, the main conclusions in the previous each chapter are

described briefly with a prospect for the continued future study.

A great effort was directed toward the development of the shock tube
technique to measure acculately the phenomena of wave propagation through
soils. First of all the author devised the condenser-type soil strain meter
to measure the one-dimensional soil strain during stress wave propagation.

As mentioned in Chapter 2, the amount of change in the electrostatic capacity
of the condenser embedded in soils can be transformed into the amount of
strain by the simple relation. For this transformation, it only needs to read
the initial capacity beforehand the testing, and other troublesome calibration
tests are needless. Since the thin needles are used as the electrodes of the
condenser, there is no anxiety that the soil is disturbed in forming the
condenser in it. It was found from the experiments that the dynamic re-
sponsibility of this meter is excellent. When we need to measure the uniaxial
strain at an optional point in soils, this type of strain meter surely becomes
a convenient tool. However, in order that this meter may become a sure
measuring equipment in any environments, there are some problems to be solved.
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Since radio frequency is used in this meter, it is easy to be influenced by
a man approaching or things. Also since the capacity of the fixed condenser
used in the meter is relatively small1(100pF ), the saturation of electrostatic

capacity sometimes occurs in the case of soils with high moisture content.

In Chapter 3, the experimental apparatus of the shock tube technique
was described in detail. The shock tube was used as a loading apparatus to
the soil specimen. By using this method of loading, it was easy to obtain the
uniform pressure like a spike pulse and to control its pressure level. In
order to make the conditions for the compressional and the rod wave propa-
gation through the soil specimens, the confining tube for the former case
and the triaxial compression chamber for the latter case were designed with
appropriate equipments to measure the characteristics of the stress wave
propagation. In the design of these apparatus, a great attention was paid
- to minimize the lateral friction of the specimen. In the case of the com-
pressional wave propagation test the soil column was roled by two teflon
sheets not only to minimize the friction but also to perfectly confine the
lateral deformation of the soil, and the sandy loam was used as a soil sample.
The influences of moisture content, degree of saturation and dry density on
the wave characteristics were mainly investigated. On the other hand, in the
rod wave propagation test, the bearings were used to support the specimen.
The silty loam was used as a sample and the relationships between the wave
characteristics and the confining pressure(or consolidation p;essure) were
obtained. In both tests, the intensity of the input surface pressure was
so controlled that the amplitude of strain arised in the soil was less than
10'3 in order. The main conclusions obtained from the experiments were:
(1) A compressional wave velocity through partially saturated soils(sandy
loam) is strongly dependent upon the void ratio and the degree of
saturation. The velocity decreases with increase in the void ratio
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and the degree of saturation.
The relationship between a rod wave velocity c_ through saturated
cohesive soil and an effective confining pressure %, is given by the

following formula:

n
2.=m.
s e

From experimental results, the constants of - and » were determined to
be 280 and 0.39 respectiveiy(;c: kg'cm:, 2 sze). That is, the rod
wave velocity is proportional to the two-fifth power of the effective
confining pressure. Furthermore, assuming Poisson's ratio +.=0.5, the
relationship between the shear wave velocity 25 7, and the void ratio

<

e is given by

where, 7 /2, is a linear function of e.

A dynamic modulus of elasticity E;7 from a rod wave velocity is linear
with P, [ts magnitude is 3 to 6 times larger than the initial tangent
modulus Es of a stress-strain curve from the static triaxial compression
test. The ratio of the dynamic shear modulus g to the shear strength
s, of the soil specimen tested is 773 from experiments.

A stress-strain relationship of the clayey soil at propagation of wave
shows a large hysteresis curve at the strain level of 10'3, but aﬁy
permanent strain is not created during the test. A dynamic modulus
of elasticity E, from the wave velocity coincides with the initial
tangent modulus of elasticity E,.

The relationship between the attenuation constant and the dry density
of sandy loam is closely related with the characteristic of compaction
of the soil. In the case of the samples with moisture content of

5-7%, the attenuation constant decreases with increase in the dry
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density, and in 11-13% which includes the optimum moisture content, it
is smallest at the dry density of about 1.75 g/cm3. Its dry density
is slightly smaller than the maximum dry density at the optimum moisture
content. The attenuation constant decreases with decrease in the void
ratio. Its relationship is linear in log-log scale in the experimental
range of the void ratio.

(6) In the rod wave propagation test for clayey soil, it was found that
the rate of attenuation became small below a certain stress level.
This critical stress level corresponds to the stress of 20-25% of the
triaxial compressive strength T iz and also corresponds to the strain
Tevel of 0.1% in the static stress-strain curves. The author concludas
that below this stress or strain level, elastic or viscoelastic
property is more predominant in soils than plastic one. The relation-
ship between the attenuation constant of the rod wave and the void
ratio is also linear in log-log scale similar to one of the sandy

loam.

In Chapter 4, the analytical considerations on the stress wave prop-
agation through soils were performed on the basis of viscoelasticity. For
simplicity, the soil was assumed as the spring-Voigt model, and the general
behaviors of this model and the boundary value problems of rod wave propagation
of spike pulse through it were analyzed mathematically. Furthermore, from
comparison of the wave propagation characteristics in between the spring-
Voigt model and the saturated porous elastic medium, it was understood that
the wave characteristics of the spring-Voigt model are similar to those of
the compressional wave of the first kind defined by Biot and Ishihara. By
using experimental data of the rod wave propagation test for the silty loam,
the viscoelastic constants were obtained and discussed with repect to the

confining pressure and the frequency. The obtained conclusions are:
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(1) The parameter, which represents the squareof the ratio of the phase
velocity at zero frequency to that at infinite frequency, 9sv is 0.1-
0.2 for the normally consolidated clays and 0.2-0.3 for the over-con-
solidated clays. By considering that the difference between the static
and the dynamic modulus for 0.C. clay is smaller than that for N.C. clay,
and that the logarithmic decrement is smaller, it is concluded that the
elastic properties of 0.C. clay are remarkable compared with N.C. clay.

(2) The free spring =’ in the spring-Voigt model is almost identical to
the dynamic modulus of elasticity Ei calculated from the velocity of
the wave front. =' is linearly dependent upon the confining pressure
and can be estimated only by the void ratio and the confining pressure.
While, the remaining parameters T and 1L in the model are not linearly
dependent upon the confining pressure but their relations change at the
pre-consolidation pressure of the clayey soil. These experimental
results conclude that £ and 1/, which are considered to relate with
the coupling effect between the solid particles and the water, are
influenced by the change of the soil structure.

(3) The time constant T changes with the frequency. Its value is a few
seconds or more in the quasi-static state with the frequency range less
than 10'2 eps and is a constant of about 3x10'2 sec in the frequency
range more than 1 eps. In the transitional state, f%sV is constant.
Therefore, the creep or relaxation phenomena of soils could not be in
the dynamic state more than 1 cops.

(4) The ratio of = to £', ¥, obtained from the present experiments is
between 0.1 to 0.4. Furthermore, according to the experimental data
by other investigators, ¥ is considered to be a value less than 1.0.

Throughout these viscoelastic approach, it was understood that the me-

chanical behaviors of soils in the small strain level and in the wide frequency

range can be approximated by the spring-Voigt model with the values of the
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rheological constants as above estimated.

Although the ground formation near the surface is very complicated in
general, it is often that its dynamic modulus and density increase with the
~depth beneath the ground surface, and that their distribution can be replaced
by suitable continuous functions of depth which increase monotonously with
depth. In Chapter 5, this particular ground was called as the inhomogeneous
ground. The approximate equations to calculate the underground earthquake
motions at a certain depth in the inhomogeneous elastic Tayer from the surface
motion were derived in the integral form on the basis of the multiple reflection
theory of waves for multi-layered system. The approximate equations consist
only of the terms of the direct transmission wave and the first and the second
order reflection waves, and the higher order reflection waves were neglected
in the derivation. In order toexamine the accuracy of the approximation, the
results of characteristics of the ground shaking calculated from the approxi-
mate equations were compared with the exact one for two particular models of
the inhomogeneous ground. It was found from this comparison that the accuracy
of the approximation is very high. Furthermore, according to the numerical
example by Atsumi Hanto Oki Earthquake record at Abeno site in Osaka, the
calculated underground motions remarkably agreed with the observed one. It
was confirmed that if irregular distributions of dynamic modulus or densities
in the underground can be expressed by certain suitable functions of depth,
the underground motions or base rock motions can be simply and accurately calcu-
lated with a short computation time from the approximate equations, and the
characteristics of ground shaking of an inhomogeneous ground can be also inves-
tigated.

Moreover, the analytical method applying the Fourier transform was
presented to obtain the response motion of the inhomogeneous elastic layer

subjected to an incident earthquake motion at the base rock. The earthquake
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response motions of Osaka ground site were calculated by this method. The
acceleration curve at the E1 Centro base rock which was calculated from the

E1 Centro Earthquake of May 18, 1940 was used as the incident motion at the
granitic base rock of Osaka site. Throughout these response analyses for Osaka
ground, the conclusions were obtained as follows:

(1) The fundamental period of Osaka ground is about 8.0 sec, and the amplifi-
cation of the amplitudes is large when we take into account the deep
geological formation of Osaka area and regard the granitic layey as the
base rock for earthquake analyses.

(2) The computed maximum acceleration at the surface was 526gaZ(0.54 g)
and the prominent frequency components were 0.45, 0.82 and 3.7 cps and
their periods were 2.2, 1.2 and 0.27 secs, respectively.

(3) The distribution of the maximum acceleration decreases quickly in the
depth of 100 =, and is nearly constant below 400 m.

(4) The time variations of the computed shear strain in the ground are
complicated in the shallow depth, but in the deep places, the shear
strains vary with time almost periodically. The maximum shear strains
distribute almost constant in the depth of 100 m, and their values are

3

about 3.0x10™~ strain. Below 100 m from the surface, the maximum shear

strains decrease with depth and their values become about 5.0x10'4
strain below 600 ~. According to the Fourier spectrum of the shear
strain curve at 10 = below the surface, we can find that the frequency
component of 0.46 ops is prominent, in which frequency range the soil
is known to be in the transitional state from the static to the dynamic
state.
Although we can understand that the shear strain which occurs in the
ground, is at 10'3 strain level at most even during a strong earthquake, it

is well known that in this strain level, the soil does not behave as a linear

elastic material, but behaves viscoelastically or elasto-plastically and is
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dependent upon the strain level and the strain rate. Therefore, in the future
study we must investigate the stress-strain-time characteristics of earth

materials and develop the method of the response analysis by which we can take
into account these inelastic characteristics and the detailed geological con-

_figulations.
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