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1. INTRODUCTION

It was reported that, in the Niigata Earthquake 1964, serious damages took
place in the ground at the neighbourhood of the base of structures, compared
with those of structures on the ground surface®. Though these phenomena are
based on the special geological condition in Niigata, of cause, it may be also due
to the existence of structures on or in the ground itself, a large impact applying
to the base of structures. A seismic wave propagating through the ground to
the base of structures causes reflection and divergence at the boundary, and the
incident and reflected stresses are superposed with each other, thus causing a
large stresses in the ground supporting structures.

When dealing with aseismicity of structures, therefore, it becomes necessary
to analyze the problem in view of wave propagation to the soil-structure system.
This treatment is not limited only to the structure on the ground surface, but
also to the underground structure such as culverts, footings or pile foundations
and their surrounding ground, in order to investigate their dynamic behavior or
failure mechanism under seismic condition.

The dynamic interaction between structure and soil ground under seismic
condition complicates the solution of problem so much, because the dynamic re-
sponse of both structure and ground has not been solved comprehensively. For
this reason the interaction problem will be treated as the simplest form in the
present paper. A model cylinder buried in the cohesive soil subjected by the
dilatational stress wave is simulated as a structure under seismic condition, and
reflection and divergence at the cylindrical surface are investigated both theo-
retically and experimentally.

Comprehensive research on the dynamic soil-structure interaction should be
orientated to the problem under the distortional stress wave from which the main
part of actual earthquake motion is constituted. This remains still for us as the
further study.

2. THEORETICAL BACKGROUND

First consider a plane step compressional stress wave as Fig. 1 propagating
in a semi-infinite medium of which constitutive curve is expressed by a bi-linear
model in Fig. 2 and reflected by its rigid dense boundary as shown in Fig. 3%,
In this figure an elastic dilatational wave (P-wave) penetrates into the medium
with a celerity c¢u and an incidental angle ¢:. By reflecting at the boundary

* Presented at the 24th Annual Meeting of J.S.C.E., Sept., 1969
** Dr. Eng., Professor of Civil Engineering, Kyoto University
*¥%  Graduate course student, Kyoto University



62 Akai, Hori

surface, there occurs an additional loading at the neighbourhood of the boundary
and, therefore, there propagate a plastic dilatational wave and a plastic distortional
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Fig. 1 Step compressional Fig. 2 Stress-strain curve for Fig. 83 Reflection of incident
stress wave. bi-linear model. P-wave at a rigid
boundary.

wave (S-wave) with celerities ¢z and ¢, respectively. Celerities thus defined are

represented as follows:
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where p denotes the density of medium, 2 and x Lame’s constants and v Poisson’s

ratio. Then, the incident motion is given as:
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where ¢ denotes the deformation potential defined as
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According to the theory of elasticity, stress components are expressed as®:
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Solving the fundamental equation (2) with the boundary condition and the initial
condition, the incident potential may be taken as:
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where p is the intensity of the input wave and H the Heaviside’s step function.
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The origin of time is taken as the instance when the wave front has reached the
rigid boundary surface®.
From Egs. (4) and (5) the incident stresses are given as:
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Giving p as the yielding stress of the medium as shown in Fig. 2, it may be
verified that the incident stresses, Eq. (6), just plasticize the medium before the
reflection takes place. Accordingly the reflected motion is given by:
3zu 7;(2)
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where the suffix / denotes the active index, j the dummy index, and symbols
(01), (2) indicate the elastic region and the plastic region, respectively.

Substituting Eq. (6) into Eq. (7), one obtains
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Then, let us define the reflected deformation potential ¢, ¢ as follows:
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As similar as in the elastic case, Eq. (8) reduces to
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A solution of these equations may be taken as:
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where A and B are reflection coefficients to be determined from boundary con-
ditions:

=0 (12)
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From Egs. (3), (4), 9), (11) and the boundary conditions (12), we obtain Snell’s
law and the reflection coefficients as:
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Wave Fitting to the experimental condition de-
R A A A L"_ scribed later, consider a plane compressional
step wave propagating at the yield stress of
the medium reflected by a rigid perfectly
dense cylinder as shown in Fig. 4. Still tak-
ing the origin of time as the instance when
the wave front has just reached the crown
- of cylindrical structure, the incident po-
a tential is given in the following equation:
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Fig. 4 Rigid perfectly dense cylinder ~ AS has mentioned before the incident wave
subjected to stress wave. is reflected as a compressional and a shear
wave. The reflected deformation potential

may be taken as:
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where the cylindrical divergence coeffi-
cients are*
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Reflected P-rays

Incident

f,g : radii of curvature of the re-  rav
flected P- and S-wave fronts
on the cylinder,

R,, Rs: distances along the reflected
P- and S-rays to the point
of observation,

70, 35+ corresponding angles of inci-
dence.

Letting ciz=c11 and cis=cu the stresses on the boundary are given for the elastic
problem, where c:1=./mjp denotes the celerity of elastic distortional wave.

Fig. 5 Interaction geometry for reflected
P-wave.

* See Appendix
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Fig. 5 shows the interaction geometry for the reflected P-wave front. From
this figure and Snell’s law (13) it follows:
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Similarly for the reflected S-wave, . 18)
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where 2, and 2 are the angles of reflection of the P- and S-rays for the incident
angles 7, and s, respectively.
From Egs. (17) and (18) the divergence coeflicients are given as:
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From Eqgs. (13) and (14), on the other hand, the reflection coefficients are given
as:* ’
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Transforming Egs. (8) and (9) into the polar coordinate system and using Eq. (16)
for calculating the problem, the reflected stresses are finally given by the follow-
ing equations to the first order of approximation:
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3. EXPERIMENTAL APPARATUS AND TEST PROCEDURE
3.1 Impact Test

Two kinds of impact test are necessary to investigate the propagation of
stress wave through soil and also the diffusion of stress wave at the surface of
a cylinder buried in soil sample; those are the tests for soil specimen which con-
tains model cylinder and without cylinder.

(1) Test for clay specimen which does not contain model cylinder

Fig. 6 shows the schematic diagram of the experimental apparatus. Explana-
tion of symbols in this figure is as follows:

S: Clay specimen.

Test specimens were taken out from a clay layer artificially sedimentated
and consolidated under the pressure of about 1kg/cm? in a very large vessel
(diameter 2.0 m, height 1.5m). Physical properties of clay are summarized in
Table 1. For sampling a sampler made of vinyl-chrolide which diameter is
15cm and length is 90 cm was used. The length of clay specimens was about
45 cm-55cm. These specimens self-stood vertically as shown in Fig. 6.

Table 1 Physical properties of clay

~ specimen.
Specific gravity 2.61
Bulk density 1.96 g/cm3
W
l ‘ Particle composition
( Clay fraction (<5g) 5%
S Silt fraction 729
P Sand fraction 23%
HHh Liquid limit 72.6%
I ] -
5 _ A Plasticity index 43.5%
———
Water content 55-65%
Fig. 6 Impact test apparatus.

R: Reaction end.

When dealing with short specimens encountered in this experiment, one can-
not avoid the influence of the reflected wave coming from the reaction end.
To minimize this influence a bubbled styrol was used in a series of this test.
B: Supporting frame.

At the centre of the bottom of wooden supporting frame there is a steel
plate. Four steel poles of 5 mm diameter stand up from the plate to prevent
overturning the clay specimen as well as to guide a drop hammer. These
poles fit the clay specimen, nevertheless they do not confine for the specimen

to move horizontally. Thus we can treat the analysis under the condition of
no lateral confinement.

P: Small pressure gauge.»
The gauge was 6 mm in diameter and 0.5mm in thickness and was stuck on
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a small brass plate. It had the maximum measuring capacity of 2kg/cm?.

I: TImpact end.

In order to obtain a plane compressive stress wave as the input, a wooden
plate was fitted directly on the upper end of clay specimen.

W: Falling weight (Photo. 1).

Shot leads were packed in a can vessel. Total weight amounted to 1750 g
and the falling height to 70cm. The amount of input thus obtained was
about 0.3 kg/cm?,

A: Amplifier.

E: Electro-magnetic oscilloscope.

Photo. 1 Falling weight. Photo. 2 Hole cutter (right) and rigid
model cylinder (left).

(2) Test for clay specimen containing model cylinder

Excepting the operation of inserting model cylinder into clay specimen, same
apparatus as described in (1) was used. At installing model cylinder a horizontal
hole was previously opened in the clay specimen by a metal pipe (outer diameter

Photo. 3 Measuring apparatuses for impact Photo. 4 Flexible model cylinder.
test using rigid cylinder.



68 Akai, Hori

6 cm, thickness 0.5mm and length 20 cm, see Photo. 2). The position of cylinder
was at the depth of 20cm from the top of the specimen. Very careful treatment
was kept at installing the cylinder not so as to disturb the soft clay specimen.
Two kinds of model cylinder were used for this experiment; rigid cylinder
and flexible one. The former was made of alluminium solid cylinder, weighted
840 g, diameter of 6 cm and length of 11 cm (on the left hand of Photo. 2). Photo.
3 indicates the apparatus installed with the rigid cylinder and the pressure gauges
in the clay specimen around it. On the other hand, the latter was a thin-walled
metal pipe, weighted 156 g, outer diameter of 6cm, thickness of 0.5mm and
length of 14 cm (Photo. 4). Inside of the cylinder strain gauges were tapped at
the crown and the side, and a small accelerometer (Photo. 5) was placed at the
bottom of cylinder (Fig. 7).

. Strain gauge
L.d
o
_...____._._._._.4_{_:*._..,_._. —
e e
K t t
! L
i == =" accelerometer
Photo. 5 Accelerometer. Fig. 7 Pick-ups set inside of flexible model cylinder.

Thus one can investigate the behavior of the model cylinder when the clay
specimen was subjected to the impact loading. Photo. 6 shows the apparatus for
this kind of test.

2 /"“ﬁ-\
(hefen™) /./ ' \
02k .f
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Photo. 6 Measuring apparatuses for impact Fig. 8 Dynamic and static stress-strain
test using flexible cylinder. curves.
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3.2 Free Vibration Test

In order to get the stress-strain relationships of the clay specimen used in
abovementioned impact test, a series of free vibration test was performed using
the dynamic triaxial apparatus described elsewhere®. Dynamic stress-strain curve
was drawn from the displacement record and the load record, together with static
curve indicated as Fig. 8. Average rate of strain in the dynamic test was 1.82x
10494 /min.

4. ANALYSIS OF EXPERIMENTAL RESULT

4.1 Propagating Stress through Clay Specimen

(1) Applied surface pressure

Stress wave obtained by the pressure gauge situated at the position of 3cm
from the upper end of specimen was regarded as the applied surface pressure,
when the falling weight of 1750 g was dropped through a height of 70cm. Ave-
aged peak value of the applied surface pressures was 0.318 kg/cm?, the representa-
tive form being plotted on a semi-logarithmic paper as shown in Fig. 9. It is
seen from this figure that after a rise time of 4 msec the stress wave decreases
the intensity exponentially.

Mathematical expression of the decreasing part of the propagating stress as
the function of time is p(0, H)=pwe 2 (¢ in sec), where po denotes the peak inten-
sity of the applied surface pressure.

p (kg/em?)
05F o/
° Lo . L _Average value®
01 [
\\ 05—
* -
X [ i
\ . /.
0.01 : ; . : (o 0 . . . .
00001 000 o0z ool ot e 0 10 20 50 107 (o)
Fig. 9 Applied surface pressure. Fig. 10 Attenuation of peak stress with distance.

(2) Attenuation of the peak stvess

Fig. 10 indicates the attenuation character of the peak stress with distance
in a soil column. One can see the reflected wave at the end of column. As is
seen in the figure the attenuation of stress is very large. It is due to the reason
why the clay sample was very soft. Solid line in Fig. 10 shows the average value
obtained in a series of test.

4.2 Dispersion of Stress Wave at the Surface of Model Cylinder

Small pressure gauges were set in the clay specimen as shown in Fig. 11 in
order to investigate the stress distribution around the model cylinder. The dis-
tance between the gauges and the cylinder was 1cm.
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The region 90°<§<180° (the angle # measured from the bottom of cylinder)
is called the illuminated zone where stress characters are distinguished from the
shadow zome, 0°<6<90°. It is to say that the former is directly subjected to the
stress wave, while the latter has no direct influence of the wave as it is situated
behind the buried structure. If the cylinder is perfectly fixed in the clay speci-
men, therefore, there occurs no instantaneous stress just after the impact loading,
but a gradual occurrence of stress by refraction. Provided the cylinder is not
perfectly fixed, on the other hand, which corresponds to the actual condition be-
tween ground and structure, some passive stress generates in the shadow zone
due to the movement of cylinder. In the present experiment the model cylinder
was in the latter case.

lH%Hl$¢
=18

150

T e,
. i

Tuminated:
zone

Fig. 11 Installation of pressure gauges Fig. 12 State of stress behind wave front.
around model cylinder.

As is indicated in Fig. 12, the state of stress in the clay specimen behind the
wave front is vertically the compressive stress ¢ and horizontally Ko, where
K=y/(1—y) (v: Poisson’s ratio) denotes the coefficient of lateral earth pressure.
Thus the incident radial stress to the cylinder ¢, can be expressed as:

D =go(cos? + K sin? 6) @2)

where, g. denotes the normal stress at the crown of cylinder, §=180°.
When the lateral confinement is free, we can take K=0, thus,

g, P =ge cost g (23)

Fig. 13 shows schematically the reflection mechanism of the stress wave at
the suaface of model cylinder. It can be understood that the measured wave
pattern on a pressure gauge installed at the position (7, 8) is the superposition
of the following three kinds of stress;

1) Directly incident stress wave (1) to the pressure gauge P is shown by
the wave a in Fig. 13. Since the gauge has an inclination angle (180°—9)
from the proceeding direction of stress wave, the normal component to the
surface of gauge is recorded and the magnitude is given by Eq. (23).

2) Dilatational stress wave (2) entering to a point A on the cylinder with an
incident angle », produces a reflected dilatational wave b with a reflecting
angle 2, is recorded on the pressure gauge P at the point (7, ). Reflected
distortional wave starting from point A does not pass through the point P.
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3) Similarly dilatational stress wave (3) entering to a point B on the cylinder
with another incident angle »; produces a reflected distortional wave c with a
reflecting angle 4; and is recorded on P. Reflected distortional wave starting
from point B does not pass through the point P.

Thus in order to separate the incident stress (1) and the reflected stresses
(2)+(3), it is necessary to find out the isolated value of (1) from the impact test
for clay specimen which does not contain the model cylinder. The difference of
these two kinds of test gives us the influence of reflected waves.

)

L0 18=180°
(kg /em?)
0.20

Stress 012

wave

‘o, costl

0, cos* 6.

Fig. 13 Reflection of stress wave at the Fig. 14 Radial incident stresses to model
surface of model cylinder. cylinder.

4.3 Consideration of Incident Wave

(1) Radial incident wave

In order to obtain the intensity of incident wave, pressure gauses were located
at the situations in the clay specimen as shown in Fig. 11, where in this case
the model cylinder did not actually exist but was assumed as if the centre were
located at the depth of 20cm from the top of specimen. The gauges were ar-
ranged so that the normal to gauge surfaces passed through the postulated centre
of model cylinder.

The plots in Fig. 14 indicate the peak stresses obtained in a series of this
test. If there were no attenuation in the incident wave between the crown of
assumed cylinder (§=180°) and the bottom (§=0°), the theoretical equation is given
by Eq. (23). It is shown by the dotted line in Fig. 14 indicating symmetrical
form about the horizontal axis through the centre of cylinder. Actually one can
recognize a remarkable attenuation of propagating stress between the crown and
the bottom, especially in the region of 0°<#<90°. The solid line in Fig. 14 cor-
responds to the theoretical value of the radial incident stress ¢, calculated from
the vertical stress g, at each position of the pressure gauges by the attenuation
character of peak stress ever shown in Fig. 10;

0,V =gy cos® ¢ 24)
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Accordance of measured stresses with this theoretical value is fairly well.

(2) Tangential incident wave and shear incident wave

Similarly as the abovementioned radial incident stress, ¢,, given by Eq.(24),
the tangential stress, ¢,%, and the shear stress, 7+, are expressed by the fol-

lowing equations, considering the free lateral confinement and the attenuation of
stress wave in the clay specimen:

0yP =gy, sin® ¢

. . (25)
Tre'P =gy cos 0 sin 6

4.4 Dynamic Behavior of Cohesive Soil around Rigid Model Cylinder

(1) Stress distribution in soil around model cylinder

Fig. 15 shows the measured value of the radial stresses in the clay specimen
around the rigid model cylinder, together with the incident stress ¢, given by
Eq. (24) and the total stress ¢- calculated from the second equation of Eq. (6) and
the first equation of Eq. (21). Remarkable influence of the reflected wave can be
recognized at the crown of cylinder in the illuminated zone. The experimental
results in this zone are in pretty good accordance with the theoretical values for
v=0 which corresponds to the boundary condition of no lateral confinement.

"rf‘
{kg /en®)f 6==130"
028 %

021
0.20 ;\ g=125
L (thide 125

0.1 stress
Stress
wave 0~1_2
0.08

0.044
0

f=150°

=120

. 170
Rigid cylinder
B==00° Depth of cover 11D
90 Applied surfacé .
pressure : 120psi

250

Fig. 15 Distribution of radial stresses around Fig. 16 Distribution of static pressure
a rigid model cylinder. around a rigid model cylinder
(after Hoeg).

In the shadow zone, on the other hand, one can take notice of very large
stresses behind the model cylinder. This phenomenon shows the effect of passive
pressure in the soft soil surrounding a rigid structure. We can conclude that
the distribution of the radial stress o- in the clay specimen around a rigid cylinder
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is symmetrical to the horizontal axis through the centre of cylinder. The stress
magnitude at the position of crown (6=180°) is about 1.4 times (theoretically 1.54
times) that obtained in the test specimen which does not contain model cylinder,
and about three times at the bottom of cylinder. This is an important result of
dynamic interaction between soil and structure, but such a behavior has also been
recognized in the static test performed by Hoeg” (see Fig. 16).

The tangential total stress oy and the shear total stress 7 can be obtained
by using Egs. (6) and (21).

(2) Transit time

The time required for stress wave to pass through a certain distance is called
the transit time. Let us consider the transit time between the crown and the
bottom of model cylinder, buried in a clay specimen.

In the case of clay specimen not containing the model cylinder, it took about
2.3—3.5 msec between the positions of pressure gauges corresponding to the crown
and the bottom (8cm). Thus the velocity of wave front ¢ is about 22.8—33.8 m/
sec, while from the theoretical value given by

c= \/g (26)

E,: initial modulus of elasticity, p: the density of medium
becomes ¢=25.0 m/sec, so that both values are fairly identical with each other.
When the clay specimen contains a model cylinder, on the other hand, the
velocity of wave front increases extremely. In this case we have ¢=40—400m/
sec.

4.5 Dynamic Behavior of Cohesive Soil around Flexible Model Cylinder

(1) Stress distribution in soil around model cylinder

In the case of flexible model cylinder we have a quite different pattern of
stress distribution around the cylinder compared with the case of rigid one de-
scribed above. Now correlations between the incident wave and the reflected
wave no longer hold there, thus the phenomena can be recognized by considering
the deflection of cylinder.

In Fig. 17 are plotted experimental values of radial stress o, measured at
each position around the model cylinder. Broken line in the figure showing
gycost @ crresponds to the free field stress which was obtained by the test for
the specimen not containing cylinder.

Comparing this results with those in Fig. 15, one can point out the following
three different characters:

1) Radial stress in the clay specimen around a flexible cylinder distributes
almost uniformly along the circumference of the cylinder.

2) The stress at crown of the flexible cylinder is approximately half that in
the case of the rigid cylinder and even smaller than the free field stress.

3) The stress at both sides of the flexible cylinder is considerably larger
than that in the case of the rigid cylinder.

Above tendencies have been obtained by Hoeg’s static interaction test as

shown in Fig. 187.
We can explain the abovementioned characters 2) and 3) as follows. As de-
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scribed later the first mode of deflection of the flexible cylinder is elliptic as
shown in Fig. 19. At the crown the cylinder deforms toward inside and there
occurs arching in the soil neighbouring the crown, thus diminishing stresses.
The opposite case can be considered at the sides of cylinder, establishing the soil
reaction which is proportional to the magnitude of deflection.

8=180°

Stress

wave Flexible cylinder : D/t=40 Flexible cylinder $ D/2=80
Depth of cover:1D Depth of cover s 1D
Applied surface pressure : 128 Applied sarface pressure
150 psi 104 150psi
g=9¢*
116 a 128

184

Fig. 17 Distribution of radial stresses Fig. 18 Distribution of static pressure around
around a flexible model cylinder. a flexible model cylinder (after Hoeg).

Fig. 19 First mode of deflection of a flexible cylinder.

By virtue of these two reasons the clay prevents the deformation of cylinder,
thus making the stress distribution almost uniformly®,

(2) Deflection of model cylinder

As described above it has been clear that the stress distribution in the clay
specimen around a flexible cylinder greatly depends upon the rigidity or deflection
of cylinder. Here we investigate the relationship by the measured value of strain
gauge attached to the inside surface of the model cylinder. Fig. 20 illustrates
one of the test results on the strains at the crown and the side of cylinder and
on the stresses in the clay specimen around the cylinder. The strains have the
maximum values after the rise time of about 15msec. From this we can calcu-
late the deflection of vertical and horizontal diameters of cylinder as approxi-
mately 0.8 mm and 1.0 mm, respectively.
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Fig. 20 Strain record and stress Fig. 21 Dynamic displacement of model cylinder
record. obtained from acceleration record.

(3) Movement of model cylinder

It seems to be of great importance to investigate the manner that the cylinder
moves downward with surrounding soil when it is subjected to a shock wave.
In the present research a trial effort has been performed to find the movement
of model cylinder by integrating the measured record of accelerometer which
was set in the cylinder itself. The relationship between the acceleration ¥ and
the dynamic displacement y is expressed as:

y=SSé]dtdt @n

Taking the origin of time as the instance when the stress wave has reached the
crown of cylinder, the initial conditions become #=0: %=0 and y=0. Therefore
we can integrate twice the acceleration record 4 with respect of time ¢ to obtain
the dynamic displacement y as indicated in Fig. 21. From this figure one can
recognize that the maximum settlement of the model cylinder is approximately
4.0 mm, appearing at about 30 msec after the stress wave has reached the crown.
As time elapses the settlement gradually gains the recovery with some oscillation,
finally amounting to about 3.0 mm.

As is already stated, stresses and deformation of cylinder had the rise time
of about 15 msec, whereas the maximum settlement was reached after about 30
msec from the incidence of stress wave to the crown. This means that the whole
settlement of model cylinder occurs considerably slowly. The theoretical expla-
nation of this behavior is not yet given in the present stage of this research.

4.6 Consideration on the State of Stress in Cohesive Soil around the Model
Cylinder

From the result of a series of stress propagation test described in this section,
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we are now able to investigate the state of stress in cohesive soil around the
model cylinder. In general the state of stress in a medium can be expressed by
Mohr’s circle when the principal stresses or the stress components at a given
point are known. In the present case the authors have confirmed that the meas-
ured radial stress ¢, in cohesive soil around the model cylinder fairly coincides
with that obtained from the stress propagation theory, considering the reflection
of stress wave at the surface of cylinder. It may be allowed, therefore, that the
another components of stress, ¢s and 7, expressed by the theory are similarly
acceptable to us with considerable precision.

On the other hand, the undrained shear strength of cohesive soil is obtained
by the unconfined compression test of which result is in some extent dependent
of the rate of loading. The test result has shown that the dynamic unconfined
compressive strength is about one and half times or twice the static one (see
Fig. 8).

7 (kg/en? 7 (kg/em?} 7 (kg/em?) 7 (kg/em?)
Dynamic y

0.1F 0.1 0.1 0.1k
—— Stﬂﬁcl ’/_ — - o N R S
T - VTR i iy
\ \ N,
N A AN /1, AN,
0 ol Joz o ol Toz o 02 o § / 0z o
N\ /I "(kg/ont) \\ g—//(kgkm’) \\\ // (kg/en’; __//, (kg/em®)
N 7 ~
R A — ~4 -
~Incident

Total
=180° §=150"

1§=135° 6=90°

Fig. 22 Mohr’s ¢—¢ plane for the model test.

Representation of the state of stress on Mohr’s z—g¢ plane for the model test
of stress propagation through cohesive soil containing a cylinder is shown in
Fig. 22. In this figure the dotted circles correspond to the incident stress at each
position in the so-called illuminated zone around the model cylinder obtained from
the measured result and also by theoretical equations (24) and (25). The solid
circles mean the total stress circles, i.e. the incident stress plus the reflected one,
on the other hand, obtained from experimental data and by using Egs. (6) and
(21). Broken straight line in the figure shows the undrained shear strength of
clay used in the test under the static condition, whereas the full line corresponds
to that under dynamic condition. Both failure lines are obtained from the test
results shown in Fig. 8, the latter being the case of the stress propagation test.

From Fig. 22 it is clear that the approach of plastic failure under dynamic
condition is severely established at the position between #=150° and #=180° which
corresponds to the upper half of the illuminated zone. At the side part of the
buried cylinder, §=90°—135°, on the other hand, the state of stress caused by
the shock disturbance is pretty mild. Therefore, it seems that there exists little
approach to plastic failure under dynamic condition.

5. CONCLUSIONS

Throughout the above investigations described in this paper, some important
conclusions can be obtained and are summarized as follows:

(1) The incident wave caused by a shock disturbance at the upper surface

of clay column indicates a remarkable attenuation of propagating stress.
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(2) When the incident wave runs to the neighbourhood of a rigid model
cylinder, the radial stress ¢, in the clay specimen at the position of crown
is about 1.4 times that obtained on the test specimen which does not contain
model cylinder, and about 3 times at the bottom of cylinder.

(3) In the case of a flexible cylinder, on the other hand, the radial stress
at the crown is approximately half that in the case of rigid cylinder and even
smaller than the free field stress. The stress at the side part is considerably
larger than that in the case of rigid cylinder.

(4) Cohesive soil surrounding the model cylinder is in a close relation to
the deformation of cylinder. The whole settlement of model cylinder occurs
with some time lag, independently of the cylinder deformation and the stress
state around it.

(5) The approach of plastic failure in cohesive soil surrounding a rigid
cylinder is severely established in the upper half of the illuminated zone. At
the side part of the buried cylinder, on the other hand, the state of stress
caused by the shock disturbance is pretty mild.
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APPENDIX Cylindrical Divergence Coefficients and Reflection Coeflicients

Cylindrical divergence coefficients

The significance of the cylindrical divergence coefficient means the rate of
divergence of the reflected deformation potential at the point of observation to
the magnitude of that at the surface of cylinder. Such a consideration is neces-
sary in treating the problem, in which a stress wave runs to a curved surface
such as cylinder, not to a plane surface.

Refering Fig. A-1, consider two parallel rays penetrating into a medium at
the neighbourhood of a rigid cylinder. They diverge as the reflected rays A and
B as shown in the figure.

The area dS at the surface of an assumed arc with radius f surrounding the
reflected rays A and B is
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dS:fda Point of obscavalion
\

This infinitesimal area contains # rays and
each of them diverges with a flux density

Arc with radius{f+Rs)

L~ Cylinder surface

7 n
Tf:;i“é— :—% +Parallel rays (
Similarly, on the surface of another arc =3

with radius f+Ry, Fig. A-1 Explanation of the cylindrical

n divergence coefficient, Dyyp.

n
748 =4S = (f+ Ry) da

Thus the ratio of flux densities at the point of observation to at the surface
of cylinder is

.

as’ _4ds __ f

Tn T dS T fHR,

ds
Therefore, the above ratio is the reciprocal of the area ratio, and the ratio of
flux densities in terms of the corresponding length is

i
Do=Ns 1R,
Similarly, a7
- g
.Dps—— g+Rs

Reflection coefficients

The reflection coefficient R, expresses the ratio of intensity of the reflected
stress to that of the incident stress. Using Snell’s law (13) and replacing 61, 6:
and 4, in Eq. (14) as:

01=7]p y 02:21), and 03:21)
one obtains

A cos (#1+63) €Os (p+4»")

b2t
. . Ci1 . . C11
b sin 61 8in 02—!-—*0 €08 01 COS 0, sin zp-+-sin Zp’+—c'~~ COS Ap’ COS Ap
12 12

e\ ., 1Y em
cosppil—{— ) sinfyyt ——"siniyy
— Ci1 C11 (20)
G2 ine +£1—L{1"<C22>2sin2 1 1 Cw>2sin2 }1/2
C11 e Ci2 Ci1 7712) Ci1 e

For the coefficient R,s a substitution is taken as:

91:7]3, 02:2.9 and 03:23,

(Received June 17, 1969)
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