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EXPERIMENTS ON FORCE ACTING ON
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ABSTRACT

The present paper focuses on the effects of force induced by liquefied ground flow on
underground structures. Small scale tests were conducted using model sand deposits in
order to understand the characteristics of liquefied soil. According to the tests, the soil
layers showed performance like a liquid when the excess pore water pressure ratio was
equal to 1.0, that 1s, complete liquefaction. Next, the viscous coefficient of completely
liquefied so1l was estimated from the test that was called dropping ball method As a
result, the viscous coefficient of completely liquefied sand was about 103 times greater
than that of water Moreover, bending strains of a model pile in liquefied ground flow
were measured and compared with those calculated by using the viscous coefficients
obtained from the previous expertments. It 1s concluded that the viscous coefficient
obtained from the dropping ball method could be apphed to estimation of the force acting
on underground structures in liquefied ground flow.
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INTRODUCTION

Permanent ground displacement induced by soil liquefaction is one of the most serious
liquefaction hazards. Many civil engineering structures. especially lifeline facilities have
been damaged by the hquefaction-induced permanent ground displacement Hamada and
O'Rourke investigated liquefaction-induced permanent ground deformation and lifeline
performance during past earthquakes in Japan and U.S.A. from the 1906 San Francisco
earthquake to the 1989 Loma Prieta earthquake through the Japan-U.S. cooperative
research program !''. Many studies have been performed in order to clarify the
mechanisms of generation of liquefied ground flow and to estimate the value of
permanent ground displacement -3,

A soil spring constant 1s usually used for the evaluation of seismic response of
underground structures so far. Therefore, some hquefaction-related experiments dealing
with the soil spring constant have been conducted 68!, They concluded that the soil
spring constant of liquefied ground became less than 1/10 to 1/1000 of that in the non-
hquefied ground It is, however, considered that the behavior of soil deposits with so
small spring constant is close to liquid rather than solid. From the point of view, some
studies dealing with liquefied ground flow as viscous flow were conducted 9-12). Takada
et al. and Ohtomo et al. concluded that the viscous coefficient of completely liquefied

sand layer was about 103 times greater than that of water %12},

In the present paper. effects of degree of liquefaction on characteristics of soil deposit
were clarified. Then, the viscous coefficient of completely liquefied soil was investigated
through the small scale tests, so called dropping ball method. Furthermore, vibration
tests using a model pile were conducted and the performance of the model pile in
liquefied ground flow was measured. The response of the pile was compared with that
calculated by using the viscous coefficients obtained from the previous tests

EFFECTS OF DEGREE OF LIQUEFACTION ON CHARACTERISTICS
OF SOIL DEPOSITS

A general view of test apparatus 1s shown in Fig | The sand box was 220 mm in
width, 380 mm in length and 250 mm 1n height. River sand was used in the expenments
Table | lists its material properties Water flow was generated from the bottom of sand
deposits and the excess pore water pressure ratio in the sand deposits was controlled by
the discharge of water. A ball on two rails was pulled by a motor honizontally. The force
was measured by a load cell shown in Fig. | when the motor pulled the ball. The
displacement of the ball was also measured.

Fig. 2 indicates one of the results obtained here. This figure shows the relationship
between the load and displacement of the ball. Five curves in this figure shows the
results in case of the excess pore water pressure ratios of 0 00. 0 25, 0.50, 0.75. 1.00,
respectively. The velocity of the ball was 1 | cm/s in this case  The load increased at
first, then kept a constant value.

Fig. 3 illustrates the maximum load in relation to the pulling velocity and excess pore
water pressure ratio. The maximum load decreased with an increase in the excess pore
water pressure ratio  In case of the excess pore water ratio of less than 1.0, the
maximum load decreased with an increase in the pulling velocity  Since the load depends
on the pulling velocity i case of the excess pore water pressure ratio of less than 1.0,
the effects should be considered n evaluation of force acting underground structures
While the load increased with an increase in the pulling velocity when the excess pore
water pressure was 1.0, so called complete liquefaction. This means that the soil layers
showed the behavior of viscous fluid when the excess pore water pressure ratio was
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equal to 1.0 The present paper focuses on the force induced by completely liquefied
ground because the soil layers with a slope deformed after complete hquefaction.

VISCOSITY OF COMPLETELY LIQUEFIED SOIL

Viscous coefficients of completely liquefied so1l were measured 1n order to evaluate the
force acting on underground structures in hquefied ground flow. The general view of
test apparatus was shown in Fig 4. The sand container was plastic cylinder with 380
mm in diameter and 500 mm in height. The sand used in the tests was the same as that in
the previous tests The sand container was vibrated by a sinusoidal wave with 5 Hz in
frequency. When the sand layer completely liquefied, the ball began to fall into the
liquefied sand layer At this stage, the viscous coefficients of the liquefied soil layer can
be evaluated from the equilibrium of viscosity resistance. weight of the ball and
buoyancy acting on the ball. Two balls were used in the tests. One was 7.8 cm in
diameter and 1,160 gf in weight. The other was 3.6 cm in diameter and 150 gf in
weight, respectively. The excess pore water pressures and displacement of the ball were
measured at each point shown in Fig. 4.

The viscous coefficient was calculated using the following equations. A completely
liquefied ground was assumed as the Newtonian fluid in this study. According to the
Stokes' formula, the viscosity resistance acting on a ball in the Newtonian fluid can be
expressed as Eq (1) when the ball with diameter « fell in viscous fluid at a steady speed
of V 13,

F=6rnauV (n
Here F is resistance acting on a ball . « 15 diameter of the ball, u is viscous coefficient
and V 1s relative velocity between the ball and surrounding soil The equilibrium

equation of viscosity resistance. weight of ball and buoyancy acting on the ball when the
ball is talling at a steady speed in the viscous fluid 15 as follows:

brupV=4na (p'—prel3 (2)

Here p 1s density of fluid, p” 1s density of the ball and g 1s acceleration of gravity
The viscous coefficient ¢ can be obtained trom the following equation

=47tc13(p’—p)g
187V

(3)

Fig 3illustrates one of the test results  The ume histories of response acceleration of the
sand container, displacement of the ball and excess pore water pressure ratios are
indicated. respectively. These figures indicate that the ball began to fall when the excess
pore water pressure ratio reached 1.0. then the ball was falling in the liquefied soil layer
at a steady speed for more than 5 seconds

Fig 6 indicates the viscous coefficient calculated from Eq (3) 1n relation to the input
acceleration.  According to this figure, the viscous coefficient obtained here was not
correlated with the input acceleration and ball diameter despite a somewhat scatter in
individual data points  The data points distribute from 0 71 gf s/cm? to 322 ¢ s/em?,
and the average in this figure 15 1 67 gf s/cm 2
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RESFONSE OF MODEL PILE IN LIQUEFIED GROUND FLOW

Model Test

The diagram of the experimental apparatus is shown in Fig 7. The sand box was 500
mm in width, 1500 mm in length and 350 mm 1n height. The model sand deposits had a
slope of 6 % to 10 %. The sand deposit was made from loose saturated sand, whose
materizl properties were the same as those listed in Table 1. The model pile was
simulated by a rubber rod with 10 mm in diameter and 130 mm in length. Its elastic
modulus was 810 kgf/cm? and its weight per unit volume was .14 gf/cm? as listed in
Table 2. Two strain gauges were utilized at the model pile. Twenty-four pins were
installed at the surface of the sand stratum to measure horizontal residual displacements
of the ground surface. The deformation of the ground surface during excitation was
measursd by means of a video camera. The model sand stratum was vibrated by a
harmonic wave with 5 Hz. Input acceleration of the table was 150 cm/s2.

Fig. 8 :llustrates the average velocity of the pins shown in Fig. 7. The pins did not
move till the excess pore water pressure ratio reached 1.0. Therefore, the average
veloctties after completely liquefaction were shown 1n Fig. 8. The average velocity was
evaluated from the displacement for 2 seconds at every time step. This figure indicates
the duration time of ground deformation for 6 % slope is shorter than that for 10 % slope
despite that the duration time of complete liquefaction was almost same This could be
considered as follows The upper portion of soil deposit subsided and the lower potion
heaved up when the liquefaction of sand layer occurred. The slope of soil deposit
became gentle and finally honizontal. Therefore, it is conceivable that the larger the slope
of soil deposit 1s, the longer the duration of ground deformation is. The average
velocities of the pins, that 1s, velocity of ground deformation, were 1.6 cm/s for 10%
slope and 0.9 cm/s for 6% slope, respectively. It suggests the velocity of ground
deformation increases with an increase in slope of ground This result is similar to other

test results conducted by Miyajima et al. 14,

Discussion

Now. a vertical distribution of velocity is considered here when a viscous fluid flows on
an inclined plate under the condition of stationary, shown in Fig 9. The equation
governing the motion of a viscous fluid ts given as follows:

U 8ng +pgcosffi=0 (4)

in which V, is velocity of a fluid, p 1s density of the fluid, u is viscous coefficient, S

is slope of the inchined plane and & 1s thickness of the tluid, respectively. The boundary
conditions are

GASI (5)
x=0:—=

dx
x=6"V =0 (6)

By integrating Eq. (4) with respect to x using the boundary conditions Egs (3) and (6),
the analytical solution is obtained as follows-

_pgéicosf XY
o=, {1‘(5” v
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Fig. 10 shows the vertical distribution of velocity calculated by using Eq. (7). The
viscous coefficient of 1.67 gf s/cm® was used in this case This value was obtained
from the tests in the previous chapter. According to this figure, the maximum velocities
of liquefied sand deposit at the surface were 10.07 cm/s for 10% slope and 8.07 cm/s
for 6% slope, respectively. These values are larger than those obtained from the model
tests. The velocity is evaluated as larger value if the viscous coefficient obtained from
the tests is used The equation governing the motion of the fluid is constructed under the
condition of stationary, however the model tests were not stationary state. It is
conceivable that this could cause the difference of the values. The effect of the wall of
sand box was also considered as one of reasons

The liquefied ground flow is assumed as the viscous fluid on inclined plate here The
bending moment of the model pile was calculated using the distribution of velocity
shown in Fig. 10. The force acting on the pile in the liquefied ground flow was
evaluated as follows.

f=pC,V'D/2 (8)

Here f is the force, p 1s density of liquefied ground, C, is resistance factor, V, 1s

relative velocity between the model pile and liquefied ground flow and D 1s diameter of
the model pile. The resistance factor for a cylinder in the fluid with low Reynolds'
number can be expressed as:

C,=87/R {0.5-a~In(R,/8)} €

in which R, is Reynolds’ number and o 1s Euler's constant. Reynolds' number can be
given as’

R =V DIv (10)

Here v is kinematic viscosity The relation between viscous coefticient and kinematic
viscosity can be expressed as follows

L=vp o1

Fig. 11 illustrates the bending moment of the model pile calculated by using equations
above mentioned. the dots in this figure show the bending moment calculated from the
bending strains measured in the tests. The values calculated show good agreement with
the measured values It suggests that the viscous coefficient obtained from the
dropping ball method can be used for estimation of the force acting on underground
structures 1n hiquefied ground tlow.

CONCLUDING REMARKS

The effects of force acting on underground structures in liquetied ground flow were
investigated 1n the present paper. The sand soil layers behaved as a viscous fluid after
the excess pore water pressure ratio reached 1.0, that is, after complete liquefaction
Therefore, the completely liquefied soil was treated as a viscous liquid. Small scale test
were conducted in order to measure the viscous coefficient of liquefied sand. The
dropping ball method gave the viscous coefficient of 167 gf s/fcm*. The viscous
coefficient obtained here were about 103 times greater than that of water
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Furthermore, vibration tests using a model pile were conducted and the response of the
model pile in liquefied ground flow was measured. The response of the pile was
compared with that calculated by using the viscous coefficients obtained from the
previous tests. As a result, the viscous coefficient obtained from the small scale tests can
be used for estimation of the force acting on underground structures in liquefied ground
flow.
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Table 1 Physical properties of sand.

Specific Gravity 2.67
Uniformity Coefficient 2.96
Maximum Void Ratio 1.030
Minimum Void Ratio 0.721
50 Percent Diameter 0.2

Coefficient of Permeability

(mm)

1.92 x102 (cm/s)

Table 2 Physical properties of pile model.

Motor

Young's modulus 810 (kgf/cm?2)
Unit weight 1.14 (gf/cm3)
Length 130 (mm)
Diameter 10 (mm)

Load cell /[ \ Motor

Displacement meter\

= Water pressure meter

\\

\

Lead ball

Fig. 1 General view of test apparatus.
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