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2. Large Scale Model Tests and Analyses of Gravel Drains

Susumu TAF*

Synopsis

Performance of gravel drains, installed as one of remedial measures against
liquefaction, is studied by conducting large scale model tests. The tests are conducted
with a eontainer, set up on the shaking tahle, made of a stack of 64 aluminum rings;
the rings of about two meters in diameter being stacked to the height of about two
meters. The tests have been conducted under sinusoidal as well as earthquake input
motions. The results of the tests ave analysed by using a model of consolidation
with an additional term for generating excess pore water pressures.

The following conclusions are obtained: (1) the effect of the gravel drain is
to reduce the rate of increase in pore water pressures and to increase the rate of
dissipation in pore water pressures; (2} the maximunl excess pore water pressures
can be reduced by the gravel drain but they are very sensitive to the slight varia-
tions in the properties of the sand deposit and the intensity level and other properties
of the input motions; (3} the simple model used for the analyses provides a resonable
approximation on the performance of the gravel drain within the range of the safety
factor of two.
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Large Scale Model Tests and Analyses of Gravel Drains

1. Introduction

Liquefaction of sandy grounds during earthguakes often causes extensive damages
to the structures. The examples of the damages are failures of retaining walls,
slopes, and foundations. Qbviously these damages could be caused without the lique-
faction but significant damages are generally caused by the liguefaction. The case
histories of such damages are abundant in the seismically active areas in the world,
especially in Japan.»=

If the sandy grounds are potentially liquefiable and the liguefaction will be likely
to cause damages to the struciures, a measure is usually taken to mitigate the
potential damages. The most popular measure has been the ground compaction. The
grounds improved by the compaction method have actually shown their sound
performances against liquefaction during the past earthquakes.® The ground com-
pactions have sound technical backgrounds for designing the degree® and the area
of compaction.® The ground compactions thus deserve the popularity but they ave
not applicable on some cccagions. For example, if there is a potentially liguefiable
backfilling just behind the steel sheet pile retaining walls, the ground compactions
are not applicable. The same is true if there is a potentially liguefiable ground just
around an existing building. In these occasions, the grounds have to be treated
with remedial measures other than the ground compactions. One of the promising
measures is the installment of gravel drains.

Ag a remedial measure against liquefaction, the gravel drains are installed so as
to increase the average permeability of the ground with the effect of drainage and
thus to reduce the liguefaction potential. Various forms of gravel drains are
currently used or propoesed; i.e., a columnar form as shown in Fig. 1, a wall-like form,
and a form of drain zone beneath and arcund the bases of the struciures. Moreover,
rubble backing and gravel filling used for bulkheads and quaywalls are, if installed
with permeable filtering sheets, also regarded as one form of the gravel drains.
Apart from the forms of the gravel drains, various materials of the drains are
currently used or proposed; i.e., gravels, crushed stones. Geomembranes and
geotextiles, if formed as very permeable drains such as pipes made of a plastic
net, can be regarded as variations of the gravel drains. Thus, various types of
gravel drains are used or proposed. Among the various types of gravel drains, the
mest frequently used type of gravel drains is, at present, the one made of gravels or
crushed stones as shown in Fig. 1. Hereafter this type of the gravel drains will
be exclusively considered in this report and simply called as the gravel drains.

The history of the gravel drains is rather new as compared with the history of
the ground compactions. Indeed, 1977 is the first year when a research paper on
the gravel drains appeared. In that paper, Seed and Booker (1977) analysed the
performance of the gravel drain under several assumptions using finite element
method and offered the results of the analysis in several figures which could be used
as a basis for designing the gravel drains®. Tokimatsu and Yoshimi (1980) con-
ducted small scale shaking tests on the performance of the gravel drains installed
around a structure and offered the resulis of the analyses in a original figure which
could be used as a basis for designing the gravel drains®. Tanaka et al. (1984)
conducted small scale tests on the performance of the gravel drains and obtained
simplified equations which could be used as a basis for designing the gravel drain®™.

Apart from those studies based on the small scale model tests, Ishihara ef al.
(1980) conducted in-gitu tests by generating excess pore water pressures in the
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{a) Plan of the gravel drains in equilateral triangular pattern
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Fig. 1 Gravel drains in plan and cross section
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ground using steel rods, which were inserted into the ground while they were
vertically vibrated, and presented an analytical method on the improved rate of
pore water pressure dissipation®. Miyame et al. at Hokkaido Electrie Power Co.
(1985) conducted in-situ tests by generating excess pore water pressures with
vertically vibrating steel pipe, which had been driven into the ground and within
which a gravel drain had heen installed®, and Onoue et al. (1987) and Tanaka and
Takano (1987) analysed the results, comfirming the applicability of each method
presented at each paperit’®®,

Other than the laboratory or in-situ tests of the gravel drains stated above, no
case history has been available for confirming the performance of the gravel drains
during earthquakes. Therefore, some of the studies are still going on for betier and
more reliable understandings on the performance of the gravel drains; the author’s
present work as one of them. In contrast to the previous small seale model tests,
the author conducted large seale model tests by using models of which dimensions
are about two meters in diameter and about two meters in height. In contrast to
the previous in-situ tesis, the author conducted the model tests under the horizontal
shaking of sinusoidal and earthguake motions. These types of excitations are con-
gidered more suitable for simulating the performance of the gravel drains during
earthquakes.

The performance of the gravel drains is charaeterized by the two Lkinds of
quantities; excess pore water pressures and settlements. These quantities are
affected by many factors; i.e., 1) intensity and characteristics of earthquake ground
motions, 2) density, permeability, and compressibility of the ground, 3) permeability
and compressibility of gravel drains, and 4) diameters and spacings of gravel drains.
Qome of these factors may significantly affect the performance of the gravel drains
while others may secarcely do. The purpose of the present study is to understand
how those Tactors affect the excess pore water pressures and the settlements of the
ground at which the gravel drains have been installed.

Obviously a good understanding on the effect of above-mentioned factors pro-
vides an important basis for designing the gravel drains. However, understanding
the performance of the gravel drains is not the same as designing the gravel drains.
Additional considerations are necessary for designing the gravel draing upon the
following items; the systematic and simplified procedures for the design, the
required stability of the ground, the reliability of the design procedure, and the
areas to be drained. In this context, the scope of the present report is limited
within the understanding of the performance of the gravel drains during earth-
quakes. The considerations necessary for designing the gravel drains will be
presented in a separate report. For those who have the urgent need for designing
the gravel drains, some of the considerations are found in the papers®?#. Other
considerations which become necessary when the gravel drains are used around the
compacted area are found in the paper on the ground compaction®.

2. Large scale model tests

2,1 OQutline of model tesis

The gravel drains arve usually installed in equilateral iriangular patiern or
square grid pattern as shown in Fig. 1. The ground shown in this figure can he
regarded as a composite ground made of two parts; i.e., one part is the sand deposits,
the other the gravel drains. When the composite ground undergoes a strong earth-
guake motion, the part of the sand deposits tends to lignefy or at least tends to
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generate excess pore water pressures. The excess pore water pressures in the
sand deposits, then, lead seepage towards the gravel drains as shown by the arrows
in Fig. 1. In plan view, the seepage from any part of the sand deposits is directed
towards the center of the mearest gravel drain. Therefore, the performance of the
whole composite ground can be represented by that of a single area bounded by the
hexagonal or the square mesh in Fig. 1 (a) or (b). Furthermore, the performance
of this single area can well be approximated by that of the area bounded by the
equivalent circle shown in the same figure. Consequently, for studying the per-
formance of the whole area of the composite ground suech as shown in Fig. I, it is
enough to study the performance of the single avea of the compesite ground
bounded by the equivalent ecirele. With these facts in mind, shaking table tests were
conducted on the models of the single area of the composite ground bounded by
the equivalent circle.

When the ground is shaken by earthquakes, the ground undergoes a deformation
which can be represented by a pure horizontal shearing mode due to vertically
propagating seismic shear waves. Therefore, the model of the composite ground
was made in a special container designed for enforcing a pure horizontal eyclic
shearing. The container, as shown in Pheto 1, was made of a stack of 64 aluminum
rings of about two meters in diameter. The height of the stack amounted to about
two meters, too. This container was pul on the shaking table and the model tests
were conducted under the horizontal shaking motions.

Nine series of shaking table tests were conducted under the condiiions shown
in Fig. 2, There were basically two groupes of tests; one groupe, i.e. R-100, R-400,
R-500, R-700, and R-900 series, was the tests of the model ground with a gravel
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Fig. 2 Conditions on the nine series of the model tests
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Table 1 Specifications on the shaking table

Items Specifications
Freedom of shaking (One horizontal direction
Maximum amplitude of displacement 18 tonf G
Maximam total foad (including dead load) 40 tonf
Dead load 15 tonf
Dimensions of the table 4m (in the direction of vibration)x3.5m
Maximum amplitude of displacement 10em
Maximum amplitude of velocity 25cm/s
Maximum amplitude of acceleration when
the maximum load is shaken 0.45G
Shaking motion Arbitrary motions controlled by input data
Effective frequency range from 1 to 100 Hz

drain, the other, i.e. R-200, R-300, R-600, and R-800 series, was the tests without a
gravel drain. By comparing the results of these groupes with each other, effects of
the gravel drain could weil be understood. Some of the series of the tests, i.e. R-100
through R-700 series, were conducted under sinusoidal input meotions, others, ie.
R-800 and R-900 series, under earthquake moiions. By using these input motions,
inflzence of wave forms of the input motions were studied. Most of the series of
the tests, except for R-100 and R-500 series, were conducted with filters against
migrating sand into the pravel drain; the filters were made of a thin cloth and put
around the gravel drain. Each series of tests was conducted in several stages, in
which the amplitude of the input motions was varied in step-by-step wise. More
specific conditions for the model tests will be presented later. Measured items during
the shaking table tests were accelerations, displacements, pore water pressures,
settlements, and amounts of drained water by the gravel drain.
2.2 Shaking table

The shaking table used for the present study is of electromagnetic type. This
type of shaking tables is known to achieve the best accuracy in repreducing input
motions among various types of shaking iables. Degree-of-freedom of the motion
of the shaking table is one horizomtal direction. Dimensions of the table are four
meters in length and 3.5 meters in width. More specific details on the shaking table
are shown in Table 1.
2.3 Container made of a stack of rings

Upon this shaking table, the container was set up for conducting the shaking
tests. The container was, as mentioned earlier, made of a stack of 64 aluminum
rings; each ring had the inside diameter of 190 cm, the outside diameter of 194 cm,
and the vertical thickness of 8em. The total height of the stack amounted to
206 em. In order to reduce the friction between the rings, roller bearings of 0.245 cm
in diameter were inserted. On the top of the container, a load of 2.,5tf in weight
was placed for preventing rocking motion of the container during the shaking. Ball
bearings of 3.8 cm in diameter were inserted between the load and the top of the
container in order to reduce the friction between them. As an inner cell for the
container, a rubber membrane of 0.13 cm in thickness was used for keeping the
model ground saturated with water.

After setting up the aluminum rings and the rubber membrane, the exact inside
diameter, including the thickness of the rubber membrane, was measured by filling



Large Scale Model Tests and Analyses of Gravel Drains

Cosing for Gu

/from the Gra

Plan @x *—‘*@X

Flexible Pipes
for Collecting
Drained Water

iding Broined Water
vel Drain

Gauge for
V' Drained Water (L)
avz A Accelerometer
(Merizontal})  (A)
AHZ
» Acceierometer
{Vertical) (A}
o Pore Waiter
Pressure Gauge (P)
g Earth Pressure
Gauge (E)
Settlement
H <&
. . ss
Direction of Gauge (5)(s8)
Vibration Displacement
Crass Section - Transducer (H}
Guiding Drained Water
] O
AV1 j A AV2 MSJ__
AHIA i e SR AR2 o
Hil 0,
| 2
! o
[
i <+
HI2 P12 P22 P32 Pdé i l
— 1| @ A® © 281 | I et
Al2 Azag | : :
! i ! @)
o |8
! 52
L W . 1= e =d L
Al3 azs A %
l[ 1 } 1 @]
| A ! <
K14 Put 4 ;34;04%4 E’Pi54 i . > 1 |_Flexible Pi-Pes
N A4 A24 | TR . 8/ for Collecting
- PS5 - .- .
@ — o 835&%5555 iw}s ) ) /— Drained Water
A A25 | . (@)
T o o AT L TER B8 ] R
T
4 e ————— e I
F\. . . . -
(D @X - M—@X Direction of Vibration
15]15 [15 15 [10] 25 60 | 35 Unif lcm
190

Pig. 3 Typical locations of the instruments



Susumu Tar

up the container with water. The measurements were conducted two times. The
results gave the value of 189.6 emm as the exact inside diameter.
2.4 Instrumentation
(1) Measured quantities

Ags mentioned earlier, the performance of the gravel drains is characterized by
excess pore water pressures and settlements. Threfore, these quantities were measured
with the greatest care. The amount of the drained water from the gravel drain or
from the sand deposit has a close relation with the settlement. Therefore, the amount
of the drained water was also measured. The amount of the excess pore water
pressures and the settlements are affected by the dynamic response of the model
ground. Therefore, accelerations and displacements of the ground were also measured.

J—Turnbuckle
]

——Fishing Line

Fishing Line

Adhesion

"~ Pore Water
Pressure Meter

A

Hook\'é

N

OOIZOO! 400 1 400 I
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{n) Details (b} Overall view
Fig. 4 Attachment for the pore water pressure meter
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The performance of the gravel drain is also affected by densities of the sand
deposit and the gravel drain. Therefore, weight and volume of the sand and the
gravel were also measured. Cone penetration resistance was also measured for
confirming the uniformity of the density of the sand deposit.

(2) Arrangement of the instruments

As mentioned earlier, when the composite ground, made of the sand deposit
and the pgravel drain, is horizonfally shaken, excess pore water pressures are
genervated in the sand deposit and initiate the flow of pore water towards the gravel
drain. Length of the path of the flow towards the gravel drain varies with the
position from which each flow initiates. As a rvesult, excess pore water pressures
which will be measured in the composite ground may vary with the distance measured
from the center of the gravel drain. Apart from the distribution of the excess pore
water pressures in the horizontal direction, excess pore water pressures will vary
with depth. With these phenomena in mind, the instruments were deployed in an
array configuration ag shown in Fig. 3.

Because the insfruments were deployed in the array configuration, it will he
ugeful to define the levels and the lines, which correspond to the rows and the
columns of the array in the cross section. The levels are numbered downward;
level 1 denotes the horizontal cross section at the height of 160 ecm measured from
the bottom of the container, level 2 at 120 cm, the level 3 at 80 ecm, level 4 at 40 em,
and level 5 at 20cm. The lines are numbhered inward; line 1 denotes the position
at 15 em from the outer edge, line 2 at 30 cm, line 3 at 45 c¢m, line 4 at 60 em, line 5
at 70 e¢m, and line 6 at 95 em which coincides with the center of the model ground.
The numbers given to the instruments are the combinations of the numbers of the
lines and the levels.

For the tests without gravel drain, the same deployment was adopted. However,
for R-T00 series, at which the gravel drain of a larger diameter was used, the
locations of the lines were slightly changed. The exact locations will be given later
when they become necessary.

(8) Instruments

Accuracy in the results of the model tests geperally depend on the accuracy of
the instruments used for the model tests. The reliability of the instruments can
generally be judged with the detail information on the instruments. The detail
information is given here on the instruments used for the present study.

a) Pore water pressure meters

Specific weight of the pore water pressure meters was adjusted to be same as
that of the saturated sands by using attachments made of styrofoam as shown in
Fig. 4 (a). Locations of the pore water pressure meters were fixed by using fishing
lines. As shown in Fig. 4 (b), the fishing lines were suspended from the cross beams
af the top of the container. The other ends of the fishing lines were fixed at the
bottom of the container. The tensions given to the fishing lines were adjusted with
the turnbuckles in order to mitigate the undesirable effects on the dynamic response
of the model ground.

After setiing the pore water pressure meters hy the fishing lines, the model
ground was made by pouring the sand into the water; the details of the pouring
will be decribed in the later section. The water was gradually leveled up. When
the level of the water became high enough, small air bubbles were removed within
the water from the pore wafer pressure meters in order to assure the accurate
measurements of the pore water pressures.

b) Settlemenf gauges
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Two types of settlement gauges were used for the present study. One type of
settlement gauges measures the residual valueg of the settlements after the shaking.
The other measures the settlements which are varying with time as the drainage
takes place. The former type of settlement gauge was made of acrylic plates and
strings. The plates were placed at the surface of the sand deposit above which
lays a gravel layer of 20 cm thickness as shown in Fig. 5. Relative levels of the
weights at the end of the strings were read off as the residual values of the settle-
ments af the surface of the sand deposit.
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Fig. 6 Attachment for the accelerometer
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The latter type of the settlemeni gauge was made of two parts; one was a
pressure meter put in a cell which is filled with water, the other a container filled
with water. These parts were connected with flexible vinyl pipes. In order to
measure the settlements with this type of gauge, level of the container was fixed
throughout the shaking tests while the cell was placed in the sand deposit. If the
level of the cell changes, water pressure in the cell changes. Thus the settlements
were measured. Undesirable dynamic components of the pressure were removed by
appropriate high-cut filters.
¢) Measuring the amount of drained water

The amount of drained water from the gravel drain was measured by guiding
the drained water into a flexible pipe, which went through the base of the container
and out into a tank. A casing was placed as shown in Fig. 3 at the top of the gravel
drain and used as a guide for collecting the drained water from the gravel drain.
The drained water thus flowed through the flexible pipe and flowed into the tank.
The pipe was 5ecm in diameter and was flexible even in the longitudinal direetion
so as to smoothly follow the settlement in the model ground.

Two more flexible pipes were used for measuring the amount of the water
drained from the sand deposit. Weights of the water collected from the gravel drain
and from the sand deposit were separately measured with the load cells,
dy Accelerometers

Two types of accelerometers were used for the present study. One had the
bulle density being approximately the same as that of the saturated sand. The other
had larger bulk density but had attachments such as shown in Fig. 6 for securing
better fit with the sand deposit. The fishing lines were used for fixing the positions
of the accelerometers as in the same manner as for the pore water pressure meters.
At the final stage in placing the accelerometers in the sand deposit, fine adjustments
were made for levelling the accelerometers by monitoring the output of each instru-
ment. The fishing lines suspended from the crossbeams were cut, when the model
ground was completely made, in order to minimize the undesirable effect of the
fishing lines on the accelerometers.

e) Displacement tranceducers

Displacement tranceducers were attached to a rigid steel pole which was fixed
to the shaking table as shown in Fig. 3. Relative displacement between the con-
tainer and the fixed pole was measured. Inductance type was used as the displace-
ment tranceducer in order to minimize the undesivable reaction force applied by
the tranceducers to the model ground.

) Other instruments

Taadcells were used for measuring the weights of the sand and the gravel. The
measured weights were used for calculating the density of the sand deposit and
the gravel drain. A cone penetrometer was also used for confirming the uniformity
of the density of the sand deposit.

Earth pressures were measured at the locations indieated in Fig. 3. However,
the measuved values were later determined unreliable and abandoned.

g) Specification for the instruments

Specifications for the above-mentioned insiruments are summarized in Table 2.
(4) Calibration of instruments

All the instruments were calibrated carefully for the present study. Pore water
pressure meters were calibrated by changing the level of the pore water pressure
meters within the water, which was filled in a water pool of about 1.2m in depth.
The outputs of the pore water pressure meters were examined for the linearity and
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the hysteresis. The results confirmed that noises and errors contained in the outputs
were less than 19 in the pressure ranges to be used for the present study.
The stability of these instruments was confirmed.

The settlement gauges used for measuring the continuous value were calibrated
by changing the level of the gauges. The results indicated that undesirable drift
was contained in the measured value at the rate of about 1 mm/min. The drift was
usually a meonotonously increasing or decreasing function of time. Loadcells were
calibrated six times during the present study by using iron weights. The result of
the calibration revealed 0.8% fluctuation in the calibrated values. This fluctuation
amounts to 3.59% errors in estimating the relative densities of the sand deposit in
the present study.

2.5 Sand and gravel
(1) Sand

The sand used for the present study was taken at Gaikou district of Akita Port
in Japan. The location for sampling the sand is shown by x-mark in Fig. 7. The
area around thig location was reclaimed with sand which was dredged from the
nearby sea bottom. The area liquefied during the 1983 Nihonkai-Chubu Earthquake
of Magnitude 7.7.1

The sand taken from the Akita Port had fines content (i.e., percentage of seil
particles finer than 0.074 mm by weight) of less than 5%. Therefore, influence of
the fines on the liguefaction strength of the sand was considered negligibly small.
However, the fines were completely washed out for the present study. The reason
for thig is, as given below, related to the uniformity in permeability of the model
of sand deposit.

As mentioned earlier, the sand was poured into the water to form the model
sand deposit. When the sand, without washing out the fines, was poured info the
water at one of preliminary experiments, the fines tended to separate from the
coarser particles and to form a thin layer spread out in a horizontal plane. Because
of the thin layver of the fines, apparent permeability of the sand deposit in the

\H&N

Japon Sea Akita Port

Goiko
District

Location ot which
sands were taken

Ohama District

District 0 500 1006m
(= .

Fig. 7 Plan of Akita port and location at which sands
were taken for the present study



Susumu Iax

vertical direction decreased into less than about one tenth of the original permeability
of the sand. On the contrary, when the fines were washed out beforehand, per-
meability of the sand deposit in the vertical direction was always the same as the
original permeability of the sand. Because it was desirable to use model sand
deposits with the same permeability through out the series of the fests, the fines
were completely washed out for the present study.

The grain size accumulation curves are shown in Fig. 8 for the sand thus
prepared for the present study. Physical properties and permeability of the sand
are shown in Table 3 and Fig. 9. The maximum and the minimum density of the
sand, shown in Table 3, were obtained by adopting the tfesting method shown by

100 i T T TTTTIT T T
80 - .
60 - .

40 -

20 -

Percentage finer by Weight

o [N A . AT
0.01 0.t 1.O

Grain Size {mm)

Fig. 8 Grain size accumulation curves of the sands
used for the present study

K|5(cm/s)
1x10%

kis‘-‘O.OIZST%

5x10> /

ki Coefficient of )
Permeabilily at I5°C

° e . Void Ratio

o) 0.5 1.O

e3/(1+e) :
Tig. 9 Coefficient of permeability of the sands used for the present study
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TPable 3 Test results of the physical properties of the sands used for the present study

Date of Test Oct. 18,| Nov. 18! Nov. 13,| Nov. 15! Nov. 15| Jan. 9, | Jan. 29, Average Standard
1984 1984 1984 1984 1984 1985 1985 Deviation
Specific Gravity G;: 2. 6651 2.662! 2.667| 2.672| 2.676 | 2.662| 2.663 2.667 0. 005
Gravel 0.4 0.4 0.4 0.3 0.4 0.1 0.3 0.33 0.10
Grading {Sand 99.3 99,2 99,1 98.7 99,0 99,2 99,3 99.1 0.2
Silt 0.3 0.4 0.5 1.0 0.6 0.7 0.4 0. 56 0.2
Dg (mm) 0.14 | 018 ] 0.23 | 018 | 021 0.15 0.18 0.181 0.03
Dy (mm) 0.11 0.12 0.14 0.12 .14 0.12 0.13 0.126 .01
Cofficient of Uniformity &ej 1.3 1.5 1.6 1.5 1.5 1.3 1.4 1. 44 0.10
Ermax 1.346 | 1.355| 1.349| 1.342} 1.36L ) 1.375| 1.341 1.353 0.011
€min 0.879 | 0,866 0.856| 0.849 ] 0.870; 0.886 | 0.851 0. 865 0.013

No.7 Crushed Stone
\ Mo.5 Crushed Stone

Q0

80+

601

20—

percentage finer by Weight

IM zuximﬂ

0
1.0 10.0 100.0
Groin Size {(mm)

Fig. 10 Gaain size accumulation curves of the crushed
stones used for the present study

Table 4 Test results of the physical properties of the crushed stones used for the present study

Kind of Stone No. 5 Crushed Stone No. 7 Crushed Stone

Date of Test Oct. 19, 1984] Jan. 10, 1985] Jan. 29, 1985| Dec. 5, 16841 Jan. 10, 1985| Jan. 29, 1985
under saturated

Specific surface-dry 2,711 2. 700 2.702 2.634 2. 656 2.643

gravity } under oven-dry 2. 657 2,655 2. 608 2. 589 2. 608 2,597
Apparent 2. 810 2.780 2.782 2.712 2,739 2.721

Amount of water Absorption 2.1 1.7 1.7 1.8 1.9 1.8
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Japanese Society of Soil Mechanies and Foundation Engineeringts.
(2) Gravel

Two kinds of crushed stones were used as materials of the gravel drain; i.e., one
was taken from Iiyama of Atsugl City in Kanagawa Prefecture in Japan, the other
from Aso-Gun in Tochigi Prefecture in Japan. The former will be denoted as “No. 5
crushed stones”, the latter as “No.7 crushed stones” hereafter. The ecrushed stones
were washed before they were used for the tests. The grain size accumulation curves
are shown in Fig. 10. Physical properties are shown in Table 4.

Except for R-100 series, only No.7 crushed stones were used as the material of
the gravel drain. No.5 crushed stones were mainly used as the gravel layer of
20 cm thickness above the sand deposit or above the composite ground made of the
sand deposit and the gravel drain. As will be mentioned later, R-100 series turned

Lem) //",.————————" Woler
7 e s &l
o]
o
o ©
o W
NPT — g N
285
measuring
{"-g’i discharge
100 .

Fig. 11 Apparatus for measuring the coefficient of permeability
of No. 7 crushed stone used for the present study
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O Meosured
40— —]

Calculated

30
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(a=0£038, b=0.129}

Coefficient of Permeability k {em/s)

10 -
Om—
I} | i | [ | | |
0 [oN] 0.2 03 04 c5 05 0.7 o8

Hydraulic  Gragdient i

Fig. 12 Coefficient of permeahility of No. 7 crushed stone used for the
present study
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out to be a failure as a iest of the gravel drain because the gravel drain made of
No. 5 crushed stones had completely clogged with the sand even before the model
was ghaken. Therefore, only about No.7 crushed stones will be explained hereafter.

The permeability of the material used for the gravel drain is one of the im-
portant factors which govern the performance of the gravel drain, For measuring
the permeability, several considerations should be given fo the particular nature of
the flow through the gravel drain. First of all, rate of the flow through the gravel
drain will be so high during the shaking that the flow will no longer remain a
laminar flow but will be a turnbulent flow. As a result, the apparent permeability
of the material used for the gravel drain will vary with the hydraulic gradient.
Secondly, the grain size of the material used for the grave drain is far more greater
than that of the sand. Therefore, the apparatus generally used for measuring the
permeability of sands is too small for accurately measuring the permeability of the
material used for the gravel drain. Consequently, a large apparatus shown in Fig. 11
was used for measuring the permeability of No.7 crushed stones. The permeability
was measured at several hydraulic gradients. The results are shown in Fig. 12.
The equation shown in the same figure is derived by assuming that the hydraulic
gradient is the quadratic function of rate of flow. The constants given fer the
egquation were obtained by the least square method.
2.6 Model preparation

The model of the composite ground, which was made of the sand deposit and
the gravel drain, was prepared, as shown in Fig. 13, by the following procedure.
(1) Pouring water

First of all, the instruments were arranged with fishing strings and others,
Secondly, temporary scaffolds were suspended from the crossheams. The scaffolds
supported the engineers for preparing the meodel ground so that the model ground
would not be disturbed during the meodel preparation, except at finely adjusting the
accelerometers. After thus preparing the instruments and the scaffolds, water was
poured into the container up to the level of 80 c¢cm. As mentioned earlier, small air

© __Casing for ®© @ Hogper
forming Grove! Drain
~—Nozzle
Temporaty _ 1|
Scoffold Flexible Pipe
¢ 2 e g " -——S1eve
o
5 o ~les
Q o
) ®
Leveling up
the Casing g_g
4 4 £

T

Fig. 13 Procedure for model preparation
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bubbles were removed from the front surface of the pore water pressure meters
when the level of water became higher enough.
(2) Pouring crushed stones

Crushed stones were poured into the water for forming the gravel drain., Before
poured into the water, the crushed stones had been dried and the weight had been
measured with a loadeell. Then, the engineer on the temporary scaffold carefully
poured the crushed stones with a scoop into the ftemporary casing as shown in
Photo 2. The deposit of the crushed stones was leveled up to about 20 cm.
{8) Pouring sands

Sands were poured info the water for forming the model ground surrounding
the gravel drain. Before poured into the water, the sands had been dried and stored
in a hopper of which capacity is 0.5 m3. 'The weight was measured with a loadcell.
Then, the engineer on the temporary scaffold carefully poured the sands into the
water with a hose attached to the hopper. At the other end of the hose, a screen of
5 mm mesh was attached to the nozzle for reducing the speed of the pouring sands.
The level of the sereen was kept at the level of about 20 em higher than the water
level. While the sands were poured into the water, the level of the sand deposit was
monitored by the other engineer for keeping the level of the sand deposit at least
5cm below the water level. The sand deposit was leveled up to about 20 em. Then,
the casing for forming the gravel drain was carefully leveled up to about 20 cm.
The temporary scaffold was also levelad up.
(4) TForming upper gravel layer

After the above-mentioned process of pouring water, crushed stones, and sands
was repeated mine times, the surface of the sand deposit was ecarefully leveled at
the height of 180 em. The exact level of the model ground was measured at the
grid points shown in Fig. 14 (a) for determining the density of the model ground.
The cone penetration tests were also conducted for confirming the uniformity of
the density.

The upper gravel layer was formed to the thickness of 20 ¢m by carefully placing
the crushed stones on the top of the composite ground. On the surface of the upper

Photo 2 Carefully poring the crushed stones into the casing for forming
the gravel drain
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Large Scale Model Tests and Analyses of Gravel Drains

gravel layer, level markers were placed at the points shown in Fig. 14 (b). The
initial levels of the surface of the upper gravel layer were measured at these points.
The measured levels were used later for determining the settlement of the model
ground. Finally, as mentioned earlier, a weight was placed at the top of the con-
tainer for preventing the rocking motion of ihe model ground. This vertical load
was applied only to the container.

2.7 Initial densities and other properties of models

Completed model grounds for the present study had initial properties summarized
in Table 5. In addition to these properties, shear moduli at small strain level were
obtained before and after the shaking test by two methods; one used shear wave
veloeity measured by impulse response of the model, the other used resonant fre-
guency of the model. A typical record of the impulse test and a typical result of
the resonant test are shown in Appendix A. The shear moduli before and after the
test are summarized in Tables 5 and 6. The results of the cone penetratin tests are
also shown in Fig. 15. The results in this figure indicate that initial densities of
the sand deposit are uniform along the depth. However, the densities after the
shaking tests seem irregular along the depth.

2.8 Input motiens

Input motions used for the present study were of sinuseidal and earthquake
wave forms. The sinusoidal input motion was of 2 Hz and of 20 cycles. The earth-
quake motion was of the recorded acceleration at Akita Port during 1983 Nihonkai-
Chubu Earthquake of Magnitude 7.7 recorded at about 100 km off from the epicenter.
The wave form is shown in Fig. 16.

As mentioned earlier, each series of the tests consisted of several shaking tests
at several amplitudes of the input motions. Case numbers of these tests and the
maximum accelerations of the input motions are summarized in Table 7. As shown
in this table, many shaking tests have been conducted. However, most of the tests
were conducted after undergoing some degree of stress history in cyclic shear.
Obviously, the influence of the stress history in eyelic shear on the gravel drains

Table 6 Properties of the model after the shaking test

Series Dy Taat Go
No. (%) (gf/cm®) ¢ (kgf/ em®)

R-100 53% 1. 794% 1.807* 160/85
R-200 58 1.80¢ 1.077 139/71
R-300 48 1.779 1.124 110/69
R-400 51 1.789 1.109 160/86
R~500 60 1. 805 1.068 156
R-600 41 1.772 1.155 121/73
R-7G0 45 1. 780 1.134 140
R-800 50 1,789 1.112 151/90
R-900 52 1. 791 1.105 156

Dr : relative density

Tsat : Saturated unit weight of sand deposit

e void ratio of sand deposii

Gy : shear modulus at small strain level
(value obtained by impulse test/value obtained by resonant
test)

# : influenced by sand migration into gravel drain
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Tahle 7 Levels of the input acceleration and result of maximum
excess pore water pressure ratios

Table 7(a) R-100 series
Date: Oct. 29, 1984,

Temperature: 19.5C in water

Table 7{b)

Date: Nov. 8, 1984
Temperature: 18T in air

R~200 series

Case @mnx , Dr
No. (Gal) tmes/ 00 (%
R-101 g% 0.08 46.5
102 18%F 0.06
103 11%% 0.09
104 29 0. 04
105 32 0.07
106 32.5 0.13
167 32 0.26
103 36.5 0.30
109 47 0.05
110 48 0.06
111 51 0.05
112 56 0.1%
113 61 0.08
114 65 0.15
115 68 0.22
116 70.3 0,19
117 75 0.19
118 80 0.23
119 84 0.28
120 86 0.44
121 38 0.83
122 96 0.88
123 100 0.79
124 105 0.69
125 108 0.55

126 113 0.39 80.5

Case Gmax , Dy
No. {(Gal) /o0 (%)
R~201 11%# — 29.1
202 1o —
203 14%% -
204% 42.9 0.92
205 30.9 0.18
206 34.3 0.10
207 51.5 0.33
208 63.5 0.26
209 72.0 0,33
210 77.2 0.78
211 86.9 1.01 £6.9

mex: Max., Acceleration of Input Motion
Umax/Op0 » Max, Excess Pore Water
Pressure Ratio at P15 in Fig, 3
Dy ! Relative Density
# : ‘T'o be presented in detail in this report
#x 1 Resonant Test

Table 7(c} R-300 series
Date: Nov, 19, 1984

Temperature: 14°C in air

max s Max. Acceleration of Input Motion
Honne/Cpd ¢ Max. Excess Pore Water

#% : Resonant Test

Pressure Ratio at P 15 in Fig. 3
Dy Relative Density
% 1 To be presented in detail in this report

Case &max , Dr
No. (Gal) Hunas/ O (%)
R-301 5. 5F 0.01 3L.0
302% 50 0.83
303 81 1.01
304 48 0.98
(305) - -
306 6. 2 0.15
307 34 Q.14
308 49 0.15
309 74 0.96
310 68.5 0.92
31 6. 7%* 0.02
312 33.5 G0.8
313 47 0.14
314 76 .89
315 107 0.81
316 5. 4% — 65.7

@mex: Max, Acceleration of Input Motioa
Taad/ Oyo ¢ Max, Excess Pore Water
Pressure Ratio at P23 in Fig. 3
Dr : Relative Density
# : ‘T'o be presented in detail in this report
*% : Resonant Test



Susumu IAr

Table 7{e)

Date: Dec. 7, 1987
Temperature: 9C in water

R-500 series

12.5C in air
Case @y , Dy
No. {Gal} #mo/ 0 ud (%
Table Tid) R-400 series R-500 6. O - 33.4
Date: Nov, 28, 1984 502% 49.7 0.39 (34.7
Temperature: 12°C in water 503 63.5 0.92 (40.1)
14%C in air 504 51.4 0.34 (41.3)
Case . ) Dy 505 7. 6% — 57.5
No. (Gai) tmax/ O v (2 fmaxt Max, Acceleration of Input Motion
R~401 5.1 - 3.4 K o Totle ot B 13 . g 3
402* 50 0.18 (33.8) D# : Retlaive Density, { ) is obtained by
403 55 0.23 (34, 4> Settlement gauges (SS in Fig. 3)
404 58 0. 3] (35,3 # To be presented in detail in this report
405 67 0.30 (36.0) ##* Resonant Test
406 70.2 0.17 (36,9)
407 71.9 0.30 (37.6)
408 77.1 0.34 (38.5)
409 83.0 0.15 {39. 1)
410 0.9 0.12 (39.4) Table 7(f) R-600 series
411 94.8 0.20 (40. Date: Dec. 17, 1984
412 102.8 0. 23 (40.5) Temperature: 13°C in water
413 106.7 0.26 (41.3) 13.5%C in air
414 110.7 0.30 (42.1) Case s Ds
415 114.6 0. 40 (43.0) No. (Gal) s Owi (%
416 118.6 0. 54 (44.4)
417 122.5 0.91 47.7) R-601 3.4 0.01 28.7
418 196.5 L 03 (53. 43 802 30.0 0.16 (29.0)
419 e 0.02 603* 84.0 .01 (39.6)
490 9.7 0.16 (53.8) 604 61.0 ) 1.03 (47.8)
421 80 0.35 (54.8) 605 9. 1% 0.03 -
499 190 0.58 80,6 606 59, 5 0.99 (52.8)
(57.9 607 59.5 0.97 (56.7)
@max: Max. Accelearation of Input Motion 608 1817 0.02 5.2

Mmax/Fa0 ¢ Max, Excess Pore Water

Pressure Ratio at P13 in Fig. 3

Gmax: Max. Acceleration of Input Motion

Dy : Relative Density, ( ) is obtained by

settlement gauges (S8 in Fig. 3)

# : To be presented in detail in this report
#x : Resonant Test

Hmax/Tpo ¢ Max. Excess Pore Water
Pressure Ratio at P13 in Fig. 3
Dr : Relative Density, { ) is obtained by
settlement gauges (SS in Fig. 3
% : To be presented in detail in this report
** . Resonant Test
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Table 7€) R-700 series
Date: Dec, 25, 1984

Temperature: 14°C in water

Table 7(h)

Date: Jan. 12, 1985
Temperature: 9C in water

R-800 series

Table 7{i)
Date: Jan. 23, 1985

Temperature: 11°C in water

R-900 series

10C in air 10°C in air 12°C in air

Case Crapx ;| Dr Case @muox .| D Case @max .| D

No. | ccad | oy Ne | oGad | 5 Ne. | o(Gad || (o

R-T1 5, 2% 0.0 |33.0 IR-801 7. Qe 0.01 ;25.3 R-001 5. 1% - | 32.8
702% | 51.0 1.14 |(33.5) 802% | 104.5 0.90 {(29.1) 902*% | 99.3 0.71 1(36.6)
703* ! 81.6 0.96 |(41.5) 803 157.6 0.98 i(34.8) 963 150.7 0.80 (41.3
704 78.2 0.89 |47.1) 804 | 226.4 1.02 |(40.8) 904 | 202.1 0.87 1(46.8)
705 | 160.3 0.89 {(50.7) 805 8. 5 0.02 — 805 | 213.4 0.71 |(30.2)

706 4, 0FF 0.02 — 806 95.9 0.55 j(42.00 906 5, 2%% e -

707 50.6 0.13 Rt 807 150, 7 0.55 |(43.6) 07 91.7 0.05 |(50.3)
708 84.3 0.23 1B 808 192.5 0.57 |(45.3) 908 132.5 0.12 |(50.6)
709 121.3 0.37 (51.9) 809 13, 4%% 0 46.3 209 216.9 0.31 |(51.6)

22 15;‘ ;z* g i? Ezg g amax Max. Acceleration of Input s10 5. 2% — |50

’ ’ 69. 4 Mation mex: Max, Acceleration of Input

Uma/Oypd ¢ Max, Excess Pore Water Motion
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I .
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Pressure Ratio at P13 in

Fig. 3
Dr: Relative Density, ( )is obtai_
ned by scttlement gauges (SS

Motion
Max. Excess Pore Water
Pressure Ratio at P13 in

Fig. 3

#max/Oud ¢ Max., Excess Pore Water
Pressure Ratio at P13 in

Fig. 3

Dy: Relative Density, ( )is obtai-
ned by settlement gauges (S5

in Fig, 3)

#; To be presented in detail in

this report
#+ Resonant Test

Dr: Relative Density, (

) is obtai-

ned by settlement gauges (S§

in Fig. 3

%: To be presented in detail in this

in Fig, 3)
#: To be presented in detail in
this report

report
4% Resonart Test

#%: Responant Test

are one of the interesting research subjects because there is a good chance that
the gravel drains will experience several earthquakes. However, it is later found
too difficult to get a simple conclusion on this subject from the present test results.
Therefore, results of the model tests considered to be at the virgin (i.e. without any
stress history in cyeclic shear) conditions will mainly be presented in the following
chapters.

o

3. Resulis of large scale model tesis

3.1 OQutline of fest resulls

R-100 series was condueted as preliminary tests. Strictly speaking this series
of tests could not be regarded as successful one because the gravel drain had heen
clogged with sands even before the shaking. However, the results indicate importance
of appropriate selection of materials to be used for the gravel drain. The results
also indicate the interesting performance of the gravel drain if the gravel drain
happens to be clogged with sands.

R-200, R-300, and R-600 series were conducted as index tests for the perform-
ance of the sand deposits without gravel drain. When the model was shaken with a
sinusoidal input motions of 2Hz for a duration of 10 seconds, excess pore water
pressures gradually increased. After the shaking stopped, the excess pore water
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pressures gradually decreagsed. Throughout these processes, the sand deposit gradually
settled. Asg results of these tests, definitive data were obtained on the liguefaction
properties of the sand deposit.

R-400 and R-500 series were conducted with the gravel drain with the spacing
ratio of a/b=0.8, in which ¢ and & denote radii of a gravel drain and the eguivalent
circle as indicated in Figs. I and 2. R-700 series were conducted with the gravel drain
with the spacing ratio of q/b=045. When the model was shaken with sinusoidal
input motions of 2 Hz for a duration of 10 seconds as in the same manner as for the
sand deposit without gravel drains, exeess pore water pressures gradually increased
and, at the same time, pore water began to flow from the gravel drain. IHydraulic
gradient towards the gravel drain was also observed. The rate of the increase in
excess pore water pressures was lower than that in the case without the gravel
drain. When the increasing rate in excess pore water pressure was low enough, the
maximum value of the excess pore water pressure did not reach the value of the
initial vertical effective stress. In this case, the gravel drain was successful in
reducing the maximum value of the excess pore water pressure and thus preventing
the liquefaction. However, when the intensity of the shaking was stepped up to a
higher level, the increasing rate in excess pore water pressure became high and
the maximum value of the excess pore water pressure reached the value of the initial
vertical effective stress. At this instance, the sand deposit liquefied even though
the gravel drain was installed. This result indicates that a very careful design is
necessary for installing the gravel drains if ome intends to reduce the maximum
value of the excess pore water pressure to a low enough value in which no ligue-
faction occurs.

After the shaking stopped, the excess pore water pressure gradually decreased.
The rate of the decrease in excess pore water pressure was remarkably higher than
that in the case without the gravel drain. In contrast to the delicate performance
on reducing the maximum value of the excess pore water pressures, the gravel drain
was almost always effective for faster dissipation of the excess pore water pressure
after the shaking. Throughout these processes, including the process of increaging in
excess pore water pressures, the sand deposit gradually settled. This result indicates
that, even if the gravel drains are installed, some amounts of settlemenis are
inevitable in the sand deposit.

R-800 and R-900 were conducted under the earthquake motions; R-800 being
without the gravel drain, R-900 with the gravel drain at the spacing ratio of a/b=0.8.
Results of these tests confirm that the effects of the gravel drain mentioned earlier
are valid under the earthquake motions as well as under the sinusoidal input motions.
3.2 Test results under sinusoidal input motions
(1) Model tests without a gravel drain (R-200, R-300, and R-600 series)

a) Excess pore water pressures

When the model ground without a gravel drain was shaken, time histories of
excess pore water pressures were measured as shown in Figs. 17 through 20. The
alphabets and numbers shown at the vertical axes on these figures such as “PIC-P12”
correspond to the zlphabets and numbers given to the instruments shown in Fig. 3.
In Figs. 17 through 20, measured excess pore water pressures are normalised by
the initial vertical effective stresses. The layout of the time histories in those figures
approximately corresponds io the layout of the instruments in the cross section of
the model ground if the lower half of the figures could he rearranged to the right
of the upper half of the figures. The duration of the shaking was, as mentioned
earlier, 10 seconds. In these figures, the excess pore water pressures during dis-
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sipation are more elearly shown iIn (b), in which the excess pore water pressures
are plotted for the duration of 120 seconds.

The maximum pore water pressure ratios atiained in these tests are about 0.2
(in case R-602), 0.6 (in case R-02), 0.9 (in case R-204}, and 1.0 (in case R-603).
Relative densities of the meodel sand deposits before the shaking are about 29% for
all of these tests as shown in Table 5. These four test resulfs are considered as
representative cases in various degree of liguefaction at the sand deposit without
gravel drains. As shown in these figures, the same amount of pore water pressures
is generated at the same level but the pore water pressure ratios slightly vary with
the depth.

The excess pore water pressures at the sand deposit, as shown in Figs. 17 (b)
and 18 (b), dissipate logarithmically when the maximum excess pore water pressures
attained during the shaking are less than about half of the initial vertical effective
stress. Once the maximum excess pore water pressures reach the initial vertieal
effective stress, the rate of dissipation, as shown in Figs. 19 (b) and 20 (b), he-
comes drastically low and becomes dependent on the stress or strain histories applied
to the sand deposit.

Presented above are the results of the tests for the excess pore water pressures.
1t is now necessary to know how these excess pore water pressures are generatd by
the shaking. Obvicusly the aceeleration and the displacement of the model sand
deposits are two of the most relevant quantities. These quantities will he presented
in the next subsection.

b)Y Accelerations and displacements

Accelerometers and displacement transducers were, as mentioned earlier, deployed
at the locations shown in Fig. 8. Time histories of the accelerations and the displace-
ments measured at these locations are shown in Figs. 21 through 24. Distributions
of the maximum accelerations are shown in Fig. 25. It is easy fo recognize in these
figures that, although the input motions are of the same sinusoidal wave, dynamice
responses of the model grounds depend on the degree of liquefaction.

In Figs. 21 through 24, AHO, shown in the third rows from the left lower
corner, is the acceleration of the weight put on the container for suppressing the
rocking motion of the model. AV1 and AVZ, shown above the time histories of AHO,
are measured in order fo confirm the effect of the weight for suppressing the
rocking motion.

In addition to the displacements shown in these figures, the shear strain is one
of the important guantities which govern the performance of the sand deposit. The
shear strains computed from the measured displacements are presented in
Appendix C.
¢} Drained water and settlements

As a result of the excess pore water pressure generation due to the shaking,
pore water was drained from the surface of the sand deposit and the sand deposit
settles. The amount of drained water and the settlements after the shaking are
shown in Table 8. Relative densities after the shaking are shown in the Table 7.
Some of the time histories of the settlements are shown in Fig. 26. As mentioned
earlier, drift like errors contained in the measurement of the settlements are about
1 mm/min. Figure 26 shows that the settlements do oceur not only after the shaking
when only the dissipation takes place but also during the shaking when the dis-
sipation as well as generation of excess pore water pressures takes place.

The settlements, which were measured after the series of the shaking tests at
the surface of the sand deposit, are shown in Fig. 27. In this figure, A-A, B-B,
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Fig. 25 Distribution of maximum accelerations at Cases R-602, R-302, R-204,
R-603 (without a gravel drain; under sinusoidal input motion)
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Fig. 26 Time histories of settlements at Cases R-302, R-602 and R-603
(without a gravel drain; under sinusoidal input moticn)
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Table 8 Settlements and drained water at the tests without a

grave] drain under sinusoidal input motion

Case Settlement (cm} Prained Water (kgf)
No. §8*% 81 52 L2+4+L3
R-602 0.1 0.4 —0.2 2.4
R-302 — 0.4 0.2 11.1
R-204 — 1.3 1.3 43.5
R-603 4.1 4.8 4.7 106.0

* Average from SS1~S856
Locations of the instruments are as shown in Fig. 3;
$ S (at 180cm level)

S 1 (at 120cm level)

S 2 (at 80cm level)

L
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Fig. 27 Settlements at the end of the series R-200, R
-300 and R-600 (without a gravel drain; under

sinusoidal input motions) (to be continued)
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ete. denote the sections along the lines shown in Fig. 14 (b). The settlements show
no sign of arching effect due to the frietion along the rubber membrane inside the
container.

Presented above are the results of the tests for the model ground without
gravel drain when shaken by the sinuseidal input motions. Now that the perform-
ance of the sand deposit without gravel drain is known, the tests results with the
gravel drains are ready to be presented.

(2) Model tests with a gravel drain (R-400, R-500, and R-T00 series)
a) Excess pore water pressures

When the model grounds with the gravel drain were shaken, the excess pore
water pressures were measured as shown in Figs. 28 through 381. The relative
densities of the sand deposit surrounding the gravel drain were about 33%. The
locations of the instruments were basically the same as those shown in Fig. 3 except
for R-700 series. In R-700 series, radius of the gravel drain was 1.5 times as large
as that in R-400 and R-500 series. Therefore, the locations of the instruments were
slightly varied for R-T00 series; if we denote P12-P15 as Line 1, P22.-P25 as line
2, ete, as defined earlier, the intervals between these lines are 10 cm, the distance
between the line I and the outer edge of the container 15 cm.
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0

—m

Settlement (cm}
=10
T

-70
L
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2 . A

:gg_ R - 600 C—C

~0

E

L L !

5 of-

E1 i

a ]

Zol R —600 D-D
H

{c) After R-600 series

Fig. 27 Settlements at the end of the series R-200, R
-300 and R-600 (without a gravel drain; uader
sinugoidal input motions)
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Fig. 52 Comparison of the excess pore water pressures in the gravel drain
measured by pressure meters facing downward and upward

At the R-400 series, pore water pressure meters including the ones located
within the gravel drain such as P62, P63, etc. faced downward. It was later con-
gidered that the direction of the pore water pressure meters might have affected
the measured values within the gravel drain because the rate of flow within the
gravel drain was considered high. Therefore, pairs of the pore water pressure
meters, one facing downward and the other facing upward, were put at the same
location to measure the influence of the direction of the pore water pressure meters
for R-500 series. P62 and P62, P63 and P63 in Fig. 3 are the pairs of the
instruments used for this purpose. The result indicates, as shown in Fig. 32, the
influence of the rate of the flow through the gravel drain is negligibly small.

Distributions of the excess pore water pressures are shown in Fig. 33. Hydraulic
eradient towards the gravel drains are clearly recognized in this figure.

Comparison hetween the tests with and without the gravel drain will be given
later.

b) Accelerations and displacements

Accelerations and displacements for the tests with the gravel drain are shown
in Figs. 34 through 37. Distributions of the maximum values are shown in Fig. 38,
¢) Drained waters and settlements

When the composite ground, made of sand deposit and the gravel drain, is
shaken, pore water is drained from the gravel drain. Some of the pore water is
drained directly from the surface of the sand deposit. Both of the drained waters
were, as mentioned earlier, collected by using the casing in the gravel laver at the
top of the composite ground. The collected waters were guided out through the
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flexible pipes for measuring the amount of drained waters. The drained waters and
settlements after the shaking resulted in as shown in Table 9. The pattern of the
settlements measured at the surface of the composite ground after the series of the
tests ave shown in Fig. 39. Implications from these results will be given below.
(8) TImplications of the test results under sinusoidal excitations

The results of the tests under sinusoidal excitations have been presented so far
as they are. The quantities of the aquired data might be too large to get a fast
grasp of the results of the tests. In the later chapter, all of these data will be used
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Large Scale Model Tests and Analyzes of Gravel Drains

200 —
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I S WO NN R N |
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Fig. 38 Distribution of maximum acclerations at Cases R-402, R-302, R-702,
and R-703 (with a gravel drain; under sinusoidal input motions)

Table 9 Settlements and drained water at the tests with a gravel
drain under sinusoidal input motion

Case Settlement {cn1) Drained Water (kgf)

No. o/t 1 gg* 51 s2 | L2 (Drain) L3 (Sand)
R-402 0.3 0.2 0 0.1 5.3 0.1
R-502 0.3 0.5 0.6 0.2 9.2 0.3
R-702 0.45 0.2 0.2 0 0 0
R-703 0.45 3.1 1.5 1.0 69.5 14.1

* Average from S5 1~856
Locations of the instruments are as shown in Fig. 3;
S 8 (at 180cm level}
S 1 {at 120cm level)
S 2 (at 80cm level)
L 2 : Water drained from gravel drain
L 3 : Water drained from the surface of sand deposit

for the analyses and, therefore, a clear and quantitative grasp of these resulfs will
eventually he given there. However, at this point, it might be worthy to obtain a
clear perspeetive on the test results presented so far,
a) Rate of dissipation of excess pore water pressures at the sand deposit

The excess pore water pressures at the sand deposit, as shown in Figs. 17 (b)
and 18 (b), dissipate logarithmically when the maximum excess pore waler pressures
attained during the shaking are less than about half of the initial vertical effective
stress. Onee the maximum excess pore water pressures reach the initial vertical
effective stress, the rate of dissipation, as shown in Figs. 19 (b) and 20 (b), be-
comes drastieally low and hecomes dependent on the stress or strain histories applied
to the sand deposit.
b) Effect of the gravel drain on the excess pore water pressures

When the maximum acceleration of the input motion is about 50 Gals, the gravel
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Fig. 38 Settlements at the end of the series R-400, R-500, and R-700 (with a gravel drain;

under sinuseidal input motions)

drain, with the spacing ratio a¢/b=0.8, is effective for reducing the maximum excess
pore water pressures in the sand deposit as shown in Fig. 40. However, when the
maximum acceleration of the input motion is leveled up to about 80 Gals, the gravel
drain, even with the gpacing ratio «¢/b=0.45 as shown in Fig. 41, failed to reduce
the maximum excess pore water pressures at the outer region of the sand deposit;

instantaneously ligquefied at this region.

Further details on the performance of gravel drain ean be understood by the
time histories of the excess pore water pressures. As shown in Fig. 42, which are
extracted from Figs. 20 and 31, the effect of the gravel drain is (i) to reduce the
rate of increase in pore water pressures as shown in Fig. 42 (a) and (b), (ii) to
increase the rate of dissipation in pore water pressures ag shown in Fig. 42 (¢)
and (d). If the part of the sand deposit is close enough to the gravel drain, as
shown in the lowest two time histories in Fig. 42(b), the raie of generation in pore
water pressures is balanced with the rate of dissipation at about 7.5 seconds and
from there on the excess pore water pressures are kept at steady state value till the
end of the shaking. On the other hand, if the part of the sand deposit is far away
from the gravel drain, as shown in the uppermost three time histories in Fig. 42(h),
even though the gravel drain lowered the increasing rate in the excess pore water
pressures, the gravel drain failed to reduce the maximum wvalue of the excess pore

water pressures in this particular case.
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In general, whether the gravel drain succeeds in reducing the maximum value
of the excess pore water pressures depends on many factors mentioned at the
introduction. Besides, whether one part of the sand deposit is close enough to the
gravel drain or not in the above-mentioned sense depends on the same factors as
above. Analyses which will be presented in the next chapter will give some of the
conclusions on these aspects of the performance of the gravel drain.
¢) Settlements

BEven if the gravel drain is installed and the liquefaction is prevented, the
settlements inevitably occur in accordance with the amount of the drained water.
As shown in Fig. 43, measured amount of drained water and equivalent amount of
drained water computed from measured setilements at the surface of the ground
agree with each other throughout the nine series of the tests conducted for the
present study.

Settlements do oceur, as shown in Fig. 26, not only after shaking stops when
only the dissipation takes place but also during the shaking when the dissipation as
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well as generation of excess pore water pressures occur at the same time.

The pattern of the settlements at the ground surface, as shown in Fig. 39, was
not flat; the settlements at the gravel drain were smaller than that at the sand deposit
surrounding the gravel drain. In general, whether the greater settlement occurs
at the gravel drain or af the sand deposit will depend on the density of the gravel
drain and the sand deposit. In a special case, the settlements at the gravel drain
and at the sand deposit could be the same with each other. In general, however,
the settlements at the gravel drain and at the saund deposit will not be likely to be
the same. A careful consideration might be necessary on this kind of differencial
settlement for designing the gravel drain as a remedial measure against liguefaction.
3.3 Test results under earthquake input motions

The results presented so far were obtained under the sinusoidal excitations.
However, the gravel drains in the field will undergo the earthquake excitation, which
does net necessarily share the same effect as that of the sinusoidal excitation on the
performance of the gravel drain. The earthquake excitation is composed of many
kinds of half cycles of waves; some are large, some are small, some are long, some
are short, some contains high frequency components, some containg only low frequency
components, ete. The rate of generation of excess pore water pressures depends on
the kinds of excitations. The rate of dissipation of excess pore water pressures
depends on the generation of excess pore water pressures changing from time io
time. If, for example, a strong pulse-like excitation is applied with many smaller
excitations, the composite ground will instantaneously generate a high excess pore
water pressures when the strong pulse-like excitation is applied. If the pulse is
strong enough, the composite ground will liquefy instantaneously. On the contrary,
many smaller excitations following the large excitation will not have a great effect
on inereasing the excess pore water pressurves. The excess pore water pressures will
begin to decrease even during the excitations if the level of the smaller excitations
are low. In contrast to these complex phenamena, the phenamena which occur during
the sinusoidal excitations ave considered rather simple. It is, therefore, necessary
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gravel drain; maximum input acceleration 105 Gals) (to be continued)
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to examine whether the implications obtained from fthe resulis of the sinusoidal
excitations are readily applicable to the performance of the gravel drains under
earthquake excitations. With these things in mind, the tests under earthguale input
motions were conducted with and without the gravel drains.
(1) The test results under earthquake input motions with and without the gravel
drain (R-800 and R-900 series)

As mentioned before, the sand deposit, without the gravel drain, was shaken
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Fig. 47 Time histories of the accelerations and the displacements at Case R-902 (with
gravel drain; maximum input acceleration 99 Gals)

with the earthquake inpuf motions for the duration of 120 seconds in R-800 series.
In contrast to the tests of sinusoidal execitations, excess pore water pressures in ihe
sand deposit without gravel drain, as shown in Fig. 44, began to dissipate even
during the shaking as soon as the level of the excitations, as shown in Fig. 45,
became lower.

Instantaneous high rate of increase in excess pove water pressures are observed
at about 18 and 22 seconds. No strong peak accelerations are observed at these times.



Excess Pore Wafer Pressure Rafio

Susumu Tax

€ k3] [
1.0 O\‘O—”o_ﬁo__o____é) = . _!
] % . R—902 Gravel l
R-802 I Drai
_‘Eg ] o g rain [
ED'S P i g £ Q05— [
5 PI3 ~ P83 I f Pi3~ PB3
I pa—
6.
. - ’
o ' H Oca i
95 o] 2 25 e o]
Rodial Distance (cm) Radial DBistance (cm)
() R-802 (without gravel drain) (b} R-902 (with gravel drain)

Fig. 48 Maximum accelerations at Cases R-802 and R-902; the tests with and withoutf
the gravel drain under earthquake motion of azbout 100 Gals

200—
R-802 R-902Z2
S {Without drain) (With drain)
£
2 L
k=)
[ca]
© |00'_
=
1= -
e
= -
o
2 B
=
0 ! ! (S R T |
&) 50 100 150

Maximum Acceieration {Gals)

Fig. 49 Maximum accelerations at Cases R~802 and R~902; the tests with
and without the gravel drain under earthquake motion of about
100 Gals

However, the time histories of shear siress computed from those of the accelerations,
as shown in Appendix D, show that the strong peak shear stresses are applied at
these times.

When the gravel drain was installed for R-900 series, the rate of increase in
excess pore water pressures became lower, the maximum value became lower, and
the rate of the dissipation of excess pore water pressures became higher as shown
in Fig. 46. A closer view on this figure reveals that instantaneous increases in
excess pore water pressures at 18 and 22 seconds obvicusly were not suppressed by
the effect of drainage even with the aid of the gravel drain. However, the dissipation
after the instantaneous rises in the excess pore water pressures contributed to
suppress the average increasing rate of the excess pore water pressures.

The accelerations and the displacements corresponding to this performance of

—100—
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the gravel drain are shown in Fig. 47.

The distributions of the maximum excess pore water pressuves at the tests with
and without the gravel drain are shown in Fig. 48. The maximum accelerations
corresponding to these excess pore water pressures are shown in Fig. 49, The settle-
ments as a result of the series of the tests with and without the gravel drain are
shown in Fig. 50 and Table 190,

(2) TImplications of the tests under earthguake motion

The tests under the earthquake motion have given the similar implications as
the tests under sinuscoidal motion. Namely, the effect of the gravel drain on the
excess pore water pressures iz (i) to reduce the rate of increase in excess pore water
pressures, (ii) to increase the rate of dissipation in pore water pressures. One reserva-
tion to the item (i) is, at the instance when strong pulse-like shear stresses act, excess
pore water pressures ave, apparently, not significantly reduced. This is beeause, at
the instance when the strong pulse-like shear stresses act, the rate of generation of
excess pore water pressures is very high while the duration of time allowed for dissipa-
tion is very short. Censequently, the maximum value of the excess pore water pressures,
in general, depends on the detailed feature of the earthquake motions. Therefore,
it may be much more difficult to predict the exact value of the maximum excess pore
water pressures under earthquake excitations than that under sinuseidal excitations.

— 101 —
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Table 10 Settlements and drained water at the tests with and without
a gravel drain under earthquake input motion

Case /b Settlement (cm) Drained Water (kgf)
No. 8§8% §1 52 L 2 (Drain) L3 (Sand)

R—-802 — 1.5 1.4 0.6 - 37.1

R-902 0.3 1.5 0.7 0.5 25.5 0.5

* Average from S51~536
Locations of the instruments are as shown in Fig. 3;
5 S (at 180cm level)
S 1 (at 120cm level)
S 2 (at 80cm level)
L 2 : Water drained from gravel drain
L 3 : Water drained from the surface, of sand deposit

However, the duration of the portion during which the excess pore water pressures
are close to the maximum value will be very short as shown in the time hisfories
of the excess pore water pressures at time 18 and 22 seconds in Fig. 46. In general,
residual deformation of soil structures or foundations due to liguefaction oceurs
as accumulation of small deformations rather than as instantaneous failure. There-
fore, the residual deformation, in general, is noi sensitive on the variation in
instantaneous peak values of the excess pore water pressures. Consequently, the
difficulty in predicting the exact value of the maximum excess pore water pressures
is. not very serious prohlem for designing the gravel drain.

As for the settlements, the tests under earthquake motion have given the same
implications as those under sinusoidal motion. Namely, (i) the settlements do occur
even if the gravel dvain is installed, (ii) the patiern of the settlements is of dlif-
ferencial settlement: in general, whether the settlements at the gravel drain are
larger than those at the sand deposit surrounding the gravel drain or vice versa
depends onr the densities of the sand deposit and the gravel drain.

3.4 Clogging of gravel drains
(1) Model test upon clogging of gravel drain (R-500 series)

If the materiale used for the gravel drain are very coavse compared with the
grain size of the sands surrounding the gravel drain, the sand particles will
migrate into the pore of the gravels with the flow of pore water and eveniually
will clog the grave! drain. Therefore, it is necessary to select the appropriate grain
size of the materials to be used for the gravel drain. R-500 series, conduected without
a filter surrounding the gravel drain, arve served for confirming this aspect of the
performance of the gravel drain; soundness against the clogging. As shown in
Table 7 (e), R-500 series were shaken at the maximum acceleration level of 64 Gals
at Case R-503 when the outer part of the surrvounding sands instantly liquefied as
shown in Fig. 51. Undergone through this test with one additional test as shown
in Table 7 (e), the gravel drain was dugged out to see whether the gravel drain was
clogged with sands. The section of the gravel drain was carefully examined but there
were no migrating sands. General considerations on the clogging of the gravel drain
will be given later.

(2) Model test with a clogged gravel drain (R-100 series)

It is usual that the material used for the gravel drain iz selected so as not to
be clogged with the sands. However, it is of some interest to know how the gravel
drain would perform if the gravel drain happened to have been clogged before the
earthquake. R-100 series, as mentioned earlier, gives some insight on this aspect on
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Fig. 53 Distribution of maximum excess pore pressure ratio at Case R-121
(with a clogged gravel drain)

the surface of the sand deposit was 6.3 kef.

Before going to present the results of the R-100 series, let us mention two
evidences which indicate that the gravel drain for R-100 series had heen clogged
before thé shaking. Omne is the initial relative density of sand depesit. The initial
relative density for R-100 series is unusually high, as shown in Table 5, compared
with that for other series of tests. Because the procedure for pouring the sand into
the water was kept unchanged through out nine series of the tests, it is probable
that the gravel drain for R-100 series was clogged with the sand during the process
of the sand pouring. The other evidence is that the drained water from the gravel
drain contained a significant amount of the sand particles.

The clogged gravel drain for R-100 series was shaken with the sinusoidal input
motion for the duration of five seconds. Excess pore water pressures were measured
as shown in Fig, 52. The distribution of the maximum excess pore water pressures
are shown in Fig. 53. Accelerations and displacements are shown in Fig. 54. Settle-
ments at the end of the series of shakings are shown in Fig. 55. At{ Case R-121, the
amount of the water drained through the gravel drain was 20.4 kgf and that from
the surface of the sand deposit was 6.3 kpf.

Although the drain was completely clogged, it was remarkable that the amount
of the water drained through the gravel drain was larger than that from the
surface of the sand deposit. Even the hydraulic gradient towards the gravel drain,
as shown in Fig. 53, did exist. The mechanism which can explain these facts might
be as follows, The densities of the sand having migrated within the gravel drain
would be lower than those at the surrounding sand deposit. The sands within the
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Fig. 55 Settlements at the end of R-100 series

(with a clogged gravel drain)

gravel drain, therefore, would be easier to liguefy than those at the surrounding sand
deposit. During the shaking, the sands having migrated in the gravel drain would
have already liquefied when the pore water started flowing into the gravel drain
from the surrounding sand deposit. The appareni permeability of the gravel drain
filled with lquefied sand was higher than the permeability of the sand deposit
surrounding the gravel drain. As a consequence, the greater amount of drained
water from the gravel drain would result.

However, once the shaking ceased, the rate of dissipation beecame rather poor
and almost the same as that without the gravel drain. This can be understood if
the results shown in Fig. 52 () for Case R-121 ave compared with those shown in
Fig. 18 (b) for Case R-302 which is conducted without the gravel drain. Further-
more, if the results in Fig. 53 are compared with that in Fig. 33, it is understood
that, even during the shaking, the hydraulic gradient towards the gravel drain is
much smaller than that of the non-clogging drain.

These facts indicate that the gravel drain, even when clogged with sand, has
some possibility te mitigate the liguefaction potential but, obviously, the reliability
of the performance of the gravel drain, at such conditions, is poor.

(8) Considerations on the clogging
Apart from the present study, several studies have been conducted in order to
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establish the criterion for selecting appropriate filtering materials against clogging.

The following conditions are proposed by these studies;

D,;/de; <5 (at which, D,;: grain size in mm, corresponding to 15% finer by
weight, of filtering material used for the gravel drain; dg: grain size
in mm, corresponding to 85% finer by weight, of the sand deposit)

D, /d.s<9.5, or Dy;/dg <6417

D,/ dss<9 1 (with a judgement for the sake of safety, proposing D,;/ds;<<5 %)

In addition to these studies, there is a study which paid an attention to the accurate

definition of clogging and the effect of the density of the sand*.

All of those studies were conducted by using a cylinder with flow of water
forced from the outside. The shaking test conducted in the present study more
closely simulates the actual condition on the performance of the gravel drain against
clogging during earthquakes. R-500 series shows that, with D, s/ds=285/0.255=11,
the gravel drain is not clogged. R-100 series shows that, with D,;/ds;=11.5/0.255=45,
the gravel drain is clogged. Because the kinds of the materials used for the gravel
drain are very limited, the result from the present study might have a limitation in
general applicability. However, as mentioned above, the conditions satisfied in the
present study are very close to those on the gravel drain in the field during the
earthquakes. Therefore, the results of the present study should be of unique value
concerning the clogging.

The gravel drain, even if clogged with sand, has some degree of capability to
mitigate the degree of liguefaction as shown in R-100 series. However, the reliability
of the performance of the clogged gravel drain is obviously poor.

4, Analyses on performance of gravel drains

The results of the model tests have been presented so far and some of the
implieations are obtained on the performanee of the gravel drains. However, if one
intends to design a gravel drain, one has to get guantitative conclusions on the
performance of the gravel drains. This chapter is devoted towards this purpose.

When the composite ground made of sand deposit and gravel drains is shaken
by ihe earthquake, its dynamic response will, in general, be influenced by the degree
of the excess pore water pressures generated in the composite ground. The degree
of the excess pore water pressure, in furn, will be influenced by the dynamic
response of the composite ground, In short, hoth of the dynamic response and the
degree of the excess pore water pressures are related with each other. However, in
general, the dynamic response of the ground will not be greatly influenced by the
excess pore water pressures if the degree of the excess pore water pressures ave
kept less than about half of the initial vertical effective stresses. In this case,
dynamie response of the ground will be computed without the information on the
degree of the excess pore water pressures. Keeping the excess pore water pressures
at the low level, say less than half of the initial vertical effective stresses, is usually
necessary to resist the possible failure of the foundations and soil structures during
earthquakes. Consgequently the dynamic response of the composite ground can hbe
usually computed without considering the degree of the excess pore water pressures.
The remaining thing necessary to consider for designing the gravel drain is, given
the dynamic respense of the composite ground and the porperties of the composite
ground, what is the degree of the excess pore water pressures which will be generated
during the earthquakes. This is the purpose of the analyses presented here.

4.1 Modelling performance of gravel drains
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The excess pore water pressures once generated in the sand deposit by the
earthquake excitationg begin to dessipate, after the main part of the earthguake
motiong ceases, according to the mechanism of consolidation. Obvicusly, if the level
of the excess pore water pressures are very high, say more than half of the initial
vertical effective stresses, significant amount of sand particles will lose the contacts
with each other and will float within the pore water. In this case, the mechanism
of the dissipation of the excess pore water pressures will be quite different from
the mechanism of the consolidation®. However, as mentioned earlier, it is usual
that the level of the excess pore water pressurves will be kept less than about half of
the initial vertical effective stresses if the gravel drains are appropriately designed
against the possible failure of soil structures and foundations. Therefore, the
mechanism of the consolidation is considered to be applicable in most of the cases.

According to the mechanism of the consolidation, the greater the permeability
and the smaller the compressibility of the sand deposit are, the greater the rate of
the dissipation is. If the gravel drains are installed in the sand deposit, the rate
of the dissipation in the composite ground, made of the sand deposit and the gravel
drains, will become higher than of the sand deposit without the gravel drains. The
rate of the dissipation in the composite ground becomes higher, if the spacing of
the gravel drains are shorter and if the ability to drain is higher. The ability to
drain is influenced by the permeability, the length and the radius of the gravel
drains.

During the earthquake shaking, the generation as well as the dissipation of the
excess pore water pressures occurs. The rate of the generation of excess pore water
pressures is higher if the level of the earthqualke shaking is higher, if the effective
energy of the earthquake motions is coneentrated in a shorter duration of the motion,
and if the density of the sand deposit is smaller. The mechanism of the gravel drain
for mitigating the liquefaction potential is to balance the rate of the generation
with that of the dissipation of the excess pore water pressures at the low level enough
to maintain the stability of the structures. In shert, the performance of the gravel
drains is considered to be modelled hy the eguation of consolidation with an additional
term to generate excess pore water pressures.

It is now widely recognised that an ideal formulation for the consolidation is
Biot’s formulation. Biot’s eguations are known to be reduced to Terzaghi's con-
solidation equations if the rotational components of displacement due to shear
deformation are not significant®*?). As mentioned earlier, the experimental results
indicate that there is a difference in the settlement between the gravel drain and
the sand deposit around the gravel drain. The difference in the settlements cause
the rotational shear deformation at the boundary of the sand deposit and the gravel
drain. Consequenily, in a strict sense, Terzaghi’s conseclidation equations are not
applicable to the performance of the the gravel drain. However, it is generally
advisable to adopt the model with a small number of constants, which can reliably
be obtained from the usual soil investigations. In this contex$, Terzaghi’s formation
is preferable. Besides, if the difference in the settlements are small enough, Terzaghi’s
formulation can give a good approximation on the behavior of the composite ground.
Consequently, Terzaghi’s formulation of consolidation will be adopted as basic equa-
tions for the analyses.

As for the model to generate the excess pore water pressures, several empirical
formulae are proposed. Difference among them is not significant if the constanis
for the model are appropriately chosen. Therefore, the author takes the liberty of
adopting Seed’s empirical equation?? used for the analysis of the gravel drain.
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Thus the basic equations for the performance of the gravel drain will be as
follows;
au_a%p___l-_l_.a. ks. au 1 3(}%_3%

= — —e R kA 3 <4
8t 9t my ¥ O Nrw 7 e B2 N w02 ) (Gf 0=r<a)

O _Otga L 1 8 (ka au) 1 8 (ke , Ou

* if ga=r=
ot ot Mg ¥ a7 \ Tw 4 o Hiya oz \ Tw 0z ) (lf d_?'___b> (1)

o1 _ - —
?r—~0 (at =0, r=b, and z=0)
1#={) (at z=h)

in which

7, z: the radial and vertical coordinates, in which r originates at the center axis of
the gravel drain and points outward, and z originates at the bottom level of the
gravel drain and points upward

@, b: the radii of the gravel drain and the equivalent cirele of the tributary area of
the sand deposit

h : water level measured from the bottom of the gravel drain

t : the time coordinate

# : the excess pore water pressure

#, : the excess pore water pressure which will be generated by the eyclic shear
under undrained condition in the sand deposit

#ge : the same as u, but in the gravel drain

ks, ko @ the coefficients of permeabilities in the horizontal and vertical directions in
the sand deposit

ke : the coefficients of permeabilities in the gravel drain

yw : the unit weight of water

Wy, #leg: the coefficients of volume compressibilities of the sand deposit and the
gravel drain

#, in Eq. (1) is given by the following empirical equation;

My 2. [ A "2“]

oo = o raresin (Nz {2)
in which

¢ :  the initial effective vertical stress

N : number of cycles of cyclic shear stress

N, : number of cycles required to cause initial Hquefaction (#/¢",,==1.0)

a : an empirically determined constant that has a typical value of 0.7

If we note that t=N-f=duration of applying cyclic shear stresses the freguency of
whieh is f Hz and t,==N,-f=duration of cyclic shear stress required to cause initial
liquefaction, BEq. (2) can be rewritten as follows;

2y =_2—. A [ iw 1/2a:l
= arcsm( ; ) @)
Thus
Bug _ Owo | 1 {4)
9 amfy s za-if T, WY, T
sin? (5 ) cos(5+-5)

The drainage of pore water influences the value of #/¢”,, and thus influences the
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rate of generation of pore water pressure u, through Eq. (4). Some examples of the
relation given by Eq. (2) are illustrated in Fig. 56. The excess pore water pressure
which will be generated by the cyclic shear under undrained condition in the gravel
drain #,q in BEg. (1} is given in the same manner as Uy

As mentioned above, the formulation given by Egs. (1) and (4) might give a
good approximation on the performance of the gravel drains but has some limitations
on the applicability because they are derived on the assumptions which are not
necessarily valid at all conditions; the assumption of the mechanism of consolidation,
the assumption of the Terzaghi’s formulation, and the assumption of the empirical
equation on the generation of excess pore water pressures. Therefore, the results
of the model tests will be compared with the eomputed results by Egs. (1) and (4)
in the following sections.
4.2 Liguefaction properties of the model sand deposit
(1) Outline of the procedures to determine the properties

In order to analyse the performance of the gravel drain by Egs. (1) and (4),
properties of the sand deposit are necessary; the material properties related to the
disgsipation and the generation of excess pore water pressures. One approach to
obtain these material properties is to conduct laboratory tests on sand specimen. The
cyelie triaxial test is one example. A difficulty, however, exists in this approach
because material properties under very low confining pressures have to be obtained.
The author, therefore, abandoned this approach and, instead, adopied the other
approach; to regard the shaking table tests of sand deposit without the gravel drain
as index tests, which present data relevent to the properties of the sand deposit on
the dissipation as well as the generation of excess pore water pressures. The tesi
results under sinusoidal input motions (i.e., R-200, R-300, and R-800 series) were
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used for this purpose because, in these tests, the part vepresenting the dissipation
and the other part representing the generation of the excess pore water pressures
were easily rvecognized. Basic procedures to obtain the properties from these test
results are as follows:

(a) Properties on the dissipation of excess pore waler pressures

The time histories of the excess pore water pressures after the shaking ave
used for obtaining the properties on the dissipation in the sand deposit. Among the
constants which govern the dissipation of excess pore water pressures, the coefficient
of permeability has been given by the test as in Fig. 9. Therefore, the coefficient of
volume compressibility is the only unknown constant which governs the dissipation
in the sand deposit. The coefficient of volume compressibility is obtained by back-
fitting technigque.

Strictly speaking, the coefficient of permeability becomes dependent on the
hydraulic gradient if the hydraulic gradient hecomes high enough to violate the
assumption of laminar flow. However, the sand used for the present study is so
fine, i.e. D,,=0.1mm, that the assumption of laminar flow is considered valid at
almost any condition on the hydraulic gradient which is relevant in this study.

{b) Properties on the generation of excess pore water pressures

The time histories of the excess pore water pressures during the shaking are
used for obtaining the properties on the generation of excess pore water pressuves
in the sand deposit. The generation of excess pore watler pressures is governed by
two factors; the applied shear stress and the Hquefaction strength of the sand
deposit. Among these factors, the time histories of shear stresses are computed
from the measured time histories of accelerations. By using the time histories of
the shear stresses thus obtained, the liquefaction strengths of the sand deposit are
obtained by back-fitting technique. Obviously, even during the shaking, the excess
pore water pressures partly dissipate. Therefore, the properties on the dissipation
are also used for the back-fitting.

(2) Coeflicient of volume compressibility of the sand deposit

As mentioned earlier, the coefficient of volume compressibility must be obtained
in order to determine the properties of the dissipation in the sand deposit. Two
factors have to be considered upon the coefficient of volume compressibility of the
sand deposit; influence of the excess pore water pressure ratios and infinence of the
initial confining pressures. These factors will be considered step-by-step.

(a) Influence of excess pore water pressure ratio

As the first step, it is assumed that the coefficient of volume compressibility
does not depend on the initial confining pressures. The raie of dissipation at the
tests of R-200, R-300, and R-G600 series give, as shown in Fig. 57, the coefficient of
volume compressibility of about 0.02 cm?/kgf when the maximum excess pore water
pressure ratic attained before the dissipation is less than 0.5. The coefficient of
volume compressibility becomes dependent upon the maximum excess pore water
pressure ratio if the ratio becomes greater than .5. When the ratio exceeds 0.95,
the coefficient of volume compressibility determined from the rate of dissipation
ranges from 0.05 to 0.35 em?/kef and cannot be reliably determined from the value
of the maximum excess pore water pressure ratio. Moreover, once the ratio exceeds
0.95, the coeflicient of compressibility changes through out the dissipation as shown
in Fig. 57 by open squares.

These results indicate the following facts. When the maximum excess pore
water pressure ratio attained before the beginning of the dissipation is less than
0.5, influence of the ratio on the compressibility is minor and mechanism of the
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dissipation of excess pore water can be well approximated by the Terzaghi’s con-
solidation equation. Apparently, the mechanism of the dissipation can still be approxi-
mated by the Terzaghi’s consolidation equation even when the excess pore water
pressure ratio becomes greater than 0.5 but less than 0.95, In this case, however,
the coefficient of volume compressibility should be given as a function of the maximum
excess pore water pressure ratio attained before the dissipation. Onee the maximum
excess pore wabter pressure ratio exceeds 0.95, most of the contacts between the sand
particles will be lost. Strictly speaking, the mechanism of the consolidation can not
be adopted to this state of liquefaction. However, if the coefficient of apparent
volume compressibility is given as a function of some additional parameters, the
characterigtics of the dissipation of excess pore water pressures can still be
simulated within the framework of the Terzaghi’s consolidation equation.

Three or four candidates are taken as the additional parameters; (i) duration
of shaking or number of cyclic loadings after excess pore water pressure ratio exceeds
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0.95, (ii) maximum shear strain amplitude, (iii) cumulative shear strain amplitude.
Empirical relations on the apparent coeflicient of volume compressibility just after
the liquefaction are obtained as shown in Fig. 58. Apparently good correlations are
obtained for all the parameters.

As mentioned previcusly, once the excess pore water pressure ratio exceeds 0.95,
the apparent compressibility changes throughout the dissipation. The ecoefficient
apparently reduces tewards the value of 0.33 ecm?/kgf at u/¢",,=0 along a straight line
in the semi-log scale as shown in Fig. 57.

Among the results obtained here, the dependency upon the excess pore water
pressure ratio has been studied by several researchers®21 As shown in Fig. 59,
the result obtained by the present study is consistent with the result by Lee and
Albaisa (1974),

(b} Influenee of the inifial confining pressure

In the previous step for studying the influence of the excess pore water pressure
ratio, the compressibility was, as mentioned earlier, assumed to be independent of
the initial confining pressures. As the next step, the influence of the initial confining
pressure will be studied here.

As a comparison, the coefficient of volume compressibility is assumed constant
at one case and inversely proportional to the initial confining pressure at the other
case. The resulis of the simulation for the model sand deposit indicate, as shown
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Table 11 Constants used fon the simulation for studying the influence
of initial confining pressure upon the generation and the
dissipation of excess pore water pressures

a=0.3m

»=1L0m

h=20m

ke=10"2cm/s

kqg=20cm/s
my=0,02 cm*/kgf (at z=10m)
mpa=0. 006 cm®*/kgf (const)
f1=10s

f=2Hz

Tsar=2.0 tf/cm‘"’

a . radius of gravel drain

b : radius of effective circle for tributary area

k@ depth of gravel drain

ks coeflicient of permeability of sand

kg coefficient of permeability of gravel

my : coefficient of volume compressibility of sand

Mye 1 coefficient of volume compressibility of gravel

t; @ duration of shaking required to cause initial liquefaction
F i frequency of shaking

Tsat © saturated unit weight of sand and gravel

in Fig. 60 (a), that the influence of the initial confining pressure is negligibly small
upon the dissipation of excess pore water pressures in the model sand deposit. This
result justifies the assumption made previously for studying the influence of the
excess pore water pressure ratio,

In the sand deposit without gravel drain, path lengths of the seepage towards
the surface is obviously dependent on the depth from which the seepage initiates;
the deeper the location is, the longer the path length becomes. In general, the
longer the path length is, the slower the dissipation is. If the gravel drain is
installed in the sand depesit, path lengths of the water flow towards the gravel
drain becomes independent of the depth. Therefore, the influence of the initial
confining pressure might be more remarkable when the gravel drain exists. The
results of the simulation for the model composite ground indicate, as ghown in
Fig. 60 (b), that rate of the dissipation is indeed higher at the part which has
smaller coefficient of volume compressibility. However, the results also indicate that
the influence of the initial confining pressure is still negligibly small upon the
dissipation of excess pore water pressures. Consequently, the influence of the
initial confining pressure can be neglected for the analyses of the model tests in
the present study.

It may be of some value to study, at this point, whether the above conclusion
is also valid in the case of full scale gravel drains in the field. Conditions given for
the gimulation are shown in Table 11. The ground water level was assumed to be
the same as the ground surface level. The results indicate, as shown in Fig, 61, that,
except for the part very close to the ground surface, the influence of the initial
confining pressure is minor.

(e} AModelling the coefficient of volume compressibility
Rased upon the above findings, the coeflicient of volume compressibility of the
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Fig. 61 Effect of confining pressure dependent compressibility on the generation and
dissipation of excess pore water pressures at the typical field conditions

model sand deposit will be given by the following rules for the present study.

(i) The coeficient of volume compressibility is given as a function of the excess
pore water pressure ratio indicated by solid lines in Fig. 57.

(il) Once the excess pore water pressure ratio exceeds 0.95, the coefficient will be
given as a fumction of duration of time for shaking, as shown in Fig. 58(a),
after liguefaction.

(iii) Whenever the excess pore water pressuve ratio exceeds 0.75, which corresponds
to the coefficient of volume compressibility of 0.03 em®/kgf, the change in the
coefficient of volume compressibility during the dissipation is given by the
straight lines in the semi-logarithmic plotting figure shown in Fig. 57. The
straight line is directed to the coefficient of volume compressibilily of
0.08 em?/kef at u/¢"y,=0.

(3) Properties on the generation of excess pore water pressures

Eq. (4) shows that there are obviously only two constants which govern the
generation of excess pore water pressures; the duration of shaking required to
cause initial liguefaction: t;, and a parameter for specifying the pore pressure
generation curve: a. The parameter a« has a typical value of 0.7 and this value is
adopted in the present study. The constant ¢;, however, is not necessarily simple
to determine. The constant £; is governed by two factors: the applied shear stress
and the liquefaction strength of the sand deposit. The procedure to determine
these factors is as follows:

{a) Time histories of shear stresses

Let us imagine that the model sand deposit is composed of many disk-like thin
elements. Let us denote the element at the top of the sand deposit as the first element,
the element next to the first element as the second element, etc. The balance of the
forces acting on the i-th element of sand deposit gives,
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Fig. 62 Schematic figure for simulation of excess pore water
pressure generation

witdh

Ti=?i—1+w {5)
in which
7; . shear stress acting on the lower boundary of i-th element
7i-1 : shear stress acting on the upper boundary of i-th element
W; : weight of i-th element
F 1 acceleration of the i-th element
g . acceleration of gravity
A : horizontal sectional area of the element

By applying Eq. {(5) at instantaneous values of the accelerations, the time histories
of shear stress at specified depths are obtained. Small acceleration of the dead
weight, which was put on the container for suppressing the rocking motion, was also
taken into the computation of shear stress. In order to enhance the reliahility of the
acceleration data, average was taken over the values measured at the same level of
the sand deposit, such as those measured at All and A31 in Fig. 3, wherever possible.
Time histories of shear stresses obtained in this way are shown in Appendix D.
(b) Instantaneous value of %,

In order to obtain the instantaneous value of {;, it is necessary to make a guess,
in a trial and ervor basis, a Hquefaction strength curve such as shown in Fig. 62 (b),
which shows a relationship between the shear stress ratio of cyclic loadings under
undrained condition and the number of cyclic loadings at which liquefaction initiates.
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Fig. 68 Liquefaction strength curves obtained by back fitting
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Fig. 64 Measured and computed excess pore water
pressures for Case R-G02 (without gravel
drain, sinusoidal input motien

Let us suppose that time histories of the shear stress ratio is obiained as shown in
Fig. 62 (a). For the k-th half cycle which starts at %, and ends at #, if we recall
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Fig. 65 Measured and computed excess pore water
pressures for Case R-302 (without gravel drain,
sinusoidal input motion, maximum input
acceleration 50 Gals)

that ;=N,-f, the instantaneous value of #; is given by,

b= (N 0. 5/ (Bem=trmr) for fp-1 <f<5 (6

in which definitions of the variables are, as shown in Fig. 62;

(NDw 1 number of cycles required to cause initial liquefaction by the cyclic loadings
of which amplitude is the same as that of the k-th half cycle

fx-1 @ the time from which the k-th half eyele of shear siress wave starts

fr : the time at which the &-th half cycle of shear stress wave ends

(¢) Simulation by Egs. (1) and (4)
By using t; thus obtained, the excess pore water pressures for R-200, R-300,
and R-600 series are computed by using finite element method.
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Fig. 66 Measured and computed excess pore water
pressures for Case R-204(without gravel drain,
sinusoidal input motion, maximum input
acceleration 43 Gals)

(d) Evaluation of the results
Compare the computed results with the test results. If the agreement is not

satisfactory, go back to the step (b) with corrections on the agsumed liguefaction
strength curve.

After several trials, the above-mentioned procedure gave the liquefaction
strength curve shown by solid line in Fig. 63. The computed results by using this
curve are shown together with the test results in Figs. 64 through 67. Distribution
of the maximum valaes, shown in the upper section, and time histories at several
levels, shown in the lower section, are compared in these figures. Levels-2 through 4
at the lower section in these figures denote, as defined earlier, the level of the pore
water pressure meters; i.e. Level-2 corresponds to P12 through P62, Level-3 to P13
through P63, etc. The measured values plotted in these figures are obtained by
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Fig. 67 Measured and computed excess pore water
pressures for Case R-603(without gravel drain,
sinuscidal input motion, maximum input
acceleration 84 Gals)

taking the average over the values measured ai the same level. The simulation
over-estimates the excess pore water prssures at Cases R-602 and R-302 but under-
estimates them at Case R-204. At R-603, the simulation gives consistent result
with the test result. It was not possible to get belter results with further refine-
ments. Therefore, the author accepted the liguefaction strength ecurve obtained
by the above-mentioned procedure as the best approximatiomn.

The consistencies between the computed and measured results in Figs. 64
through 67 are, in a sense, trivial because the liguefaction strength curve is
obtained by the back-fitting to those data, Whether the liquefaction strength curve
will give a consistent result with the other data is still to be known. Case R-802,
which was conducted without gravel drain under earthquake motions, is used in this
context. The results, as shown in Fig. 68, indicate that the simulation gives a good
approximation on the test resulf.
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Fig. 68 Measured and computed excess pore water
pressures for Case R-802(without gravel drain,
earthquake input motion, maximum input
acceleration 105 Gals)

Consequently, the liguefaction strength curves shown in Fig. 63 together with
the above-mentioned procedure for generation of excess pore water prssures will be
considered as the bases for analysing the performance of the gravel drain hereafter.

The relative density of the model sand deposits was, as mentioned previously,
aboui 299. However, the relative density of the model composiie ground, made of
the sand deposit and the gravel drain, was about 38%. Therefore, a correction is
applied for taking the difference of the relative densities into account; the lique-
faction strength is scaled up in proportion to the relative density. The ligquefaction
strength curve shown by a broken line in Fig. 63 is the result of the correction.

4.3 Increase of excess pore water pressures

By using the liquefaction properties of the sand deposit thus obtained, the
performances of the composite grounds, made of the sand deposit and the gravel
drain, were simulated by the formulation with Eqgs. (1) and (4).
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Fig. 68 Measured and computed excess pore water water pressures for Case R-402 (with gravel
drain a/b=0. 3, sinusoidal input motion, maximum input acceleration 50 Gals)

In addition to the properties of the sand deposit, properties of the gravel drain
should be given for the simulation; i.e. the coefficient of permeability, the coefficient
of volume compressibility, and the properties on the generation of excess pore water
pressures of the gravel drain. The coefficient of permeability of the gravel drain
depends on the hydraulie gradient as shown in Fig. 12. Fer simplicity, & representa-
tive value of 6 cm/s was used for the simulations conducted in this section.

As for the compressibility of the crushed stones, there Is no measurement.
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Tig. 70 Measured and computed excess pore water pressures for Case R-502 (with gravel drain
a/b=10.3, sinusoidal input motion, maximum input acceleration 50 Gals}

Therefore, the value should be given from other sources. Lee and Albeisa (1974)%%
gave a correlation between the coefficient of volume compressibility and Dj,. According
to this correlation, No. 7 crushed stones with D;,=3.4 mm has m,=6.6x10" cm?/kgf.
This correlation is, however, obtained under the confining pressure of 1kgf/em?
which is quite different from the confining pressure at the model tests conducted in
the present study. The influence of difference in the confining pressures can be
corrected if the result of the coefficient of volume compressibility of the sand is
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talen into account; i.e. the coefficient of valume compressibility at the shaking table
tests shown in Fig. 57 is about five times as great as that obtained by the triaxial
test conducted under the confining pressure of 1kgf/em?® as shown in Appendix B.
Therefore, the same factor, ie. about five, is used as a correction of confining
pressures, giving the coefficient of volume compressibility of the crushed stone as

0.03 ecm2/kgf.
The properties on the generation of excess pore water pressures for the crushed
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Fig. 72 Measured and computed excess pore water pressures for Case R-703 (with gravel drain
a/b=0. 45, sinusoidal input motion, maximum input acceleration 82 Gals)

stones should also be given. The result of the settlement, as shown in Fig. 39,
indicates that the settlements do occur at the gravel drain. Therefore, some amount
of the excess pore water pressure is considered to have been generated in the crushed
stones. For simphlicity, however, the generation of excess pove water pressures from
the gravel drain is assumed to be none for the present study.

Having determined thus all the properties necessary for the simulation, the
performances of the composite ground are simulated by using finite element method
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Fig. 73 Measured and computed excess pore water pressures for Case R-002 (with gravel drain
a/b=0.3, earthquake input motion, maximum input acceleration 99 Gals}

under the formulation of Igs. (1) and (4). Comparisons with the test results are
shown in Figs. 69 through 73. In these figures, Line-2 indicated in the upper section
in (a) denotes, as defined earlier, the measured values at P21-P25 in Fig. 3. The
meaning of the Level-2, ete. in (b} is the same as mentioned in the previous section.
The results shown in Figs. 69 through 73 indicate, except for Case R-902, the simula-
tion slightly over-estimates the excess pore water pressures in the sand deposit.
However, the simulation slightly under-estimates them in the gravel drain. In Case
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Fig. 74 Measured and computed, with modified permeability, excess pore water pressures for
Case R-502 (with gravel érain a/b=0.3, sinusoidal input motion, maximum input
acceleration 50 Gals)

R-902, which was conducted under the earthquake motion, the simulation under-
estimates the excess pore water pressures in the sand to the factor of two. Moreover,
the simulation significantly under-estimates them in the gravel drain.

As a trial for correcting the over-estimation in Cases R-502 and 703, the coefficient
of the permeability of the sand deposit in the horizontal direction was taken 1.5
times as great as that in the vertical direction. However, the results, as shown in
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Fig. 75 Measured and computed, with modified permeability, excess pore water pressures for
Case R-703 (with gravel drain a/b=0. 45,
acceleration 82 Gals)

sinusoidal input motion, maximum input

Figs. T4 and 75, did not significantly improved.

There may be several reasons which can explain the differences between the
computed and the measured results. The author suspects that the negligence on the
excess pore water pressure generation from the gravel drain itself might be a major

reason.
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observed at the gravel drain as well as at the sand deposit surrounding the gravel
drain. Apart from the generation of excess pore water pressures, it is also suspected
that the casing, shown in Fig. 76, which is used for collecting the drained water
towards the flexible pipe, might be a cause for the higher excess pore water pressures
observed in the gravel drain. If the rate of the fiow from the gravel drain is too
high to drain out the water through the flexible pipe, the level of the water within
the casing might rise to a certain level. The vertical distributions of the excess
pore waler pressures suggest, as shown in Fig. 77, that this is probable becausge the
difference between the computed and the measured excess pore water pressures does
not vary along the depth.

With the limited information presently available on the model tests, however,
it is not possible to draw a definitive conclusion upon the inconsistencies between
the computed and measured data. Consequently, the author draws the conclusion
from these results that the formulation with Eqgs. (1) and (4) gives a good approxi-
mation on the performance of the composite ground if we allow the safety factor of

—133—



Susumu IA1

Undroined
e -
= -
g =7
E - TAUQ
5 e
o
= e
® Ve
£ // Lau Partially
[ // drained
8 /
b
i} 7
/
o} - antl
t t+ A+
AS=my (Aug— Au)

Partialiy drained

Settiement

S
Fig. 78 Schematic figure for the settlements under
partiaily drained conditions

; R-602

¢ Measured pressure
— Compuled pressure
O  Measured setilement
by S1
———- Computed settiement_|
55 Meosured selflement
L Nikasured setlement
osured seltlemen
-D—by Droined waler

=]

o
»

Excess Pore Waler
Pressure Ratio u/oy

Settlemernt- (em)

0 50 Ko 150 200
Time (s}

Fig. 79 Measured and computed excess pore water
pressures, in long term, and settlements for
Case R-602 (without gravel drain, sinusoidal
input motion, maximum input acceleration
30 Gals)

about two on the value of the excess pore water pressures. In the meantime, it is
advisable that the density of the gravel drain be higher enough to prevent the
generation of excess pore water pressures from the gravel drain itself or, equivalently,
to prevent the settlement of the gravel drain itself.
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4.4 Dissipation of excess pore water pressures and seftlements

In the previous section, only the increase in the excess pore water pressures in
the composite ground was studied. In this section, the performance of the gravel
drain in the longer term will be studied so that dissipation of excess pore water
pressures and settlements will be better understood. Before going into the com-
parison between the computed and the measured results, there are two items which
should be explained here upon the simulation conducted in this section; one being
the modified coefficient of permeability in the gravel drain and the other being the

procedure to compute the seitlements.
In the previous section, the coefficient of the permeability of the gravel drain
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was fixed to the value of 5 em/s for simplicity. In this section, the coefficient of the
permeability of the gravel drain is given as a function of hydraulic gradient, density
of the gravel drain, and temperature of water. The function of hydraulic gradient
used for the present study is given in Eig. 12.

The procedure to compute the settlement during and after the shaking is as
follows. As schematically illustrated in Fig. 78, %, given by Eq. (4) will not be the
same as the excess pore water pressures u during the proeess under the partially
drained conditions, as in the sand deposit surrounding the gravel drain, Partially
drained water obviously causes settlement during or after the shaking. The incre-
ment of the settlement 4s during the time interval 4¢ is, as indicated by Eq. (1),
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given by the following equation:

As=n1,(duy— ) (7
in which
Ads : increment of the settlement
m, : coeficient of volume compressibility
du, : increment of the excess pore water pressures under undrained condition
A~ inerement of the excess pore water pressures

The settlements as well as the excess pore water pressures during and afier
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the shaking are thus computed and are shown in Figs. 79 through 88 together with
the results of the model tests. In these figures, settlements are obtained or con-
verted at the level of 120 em in the sand deposit. The white circles shown in these
figures are the data obtained by the settlement gauge S1 in Fig. 3. The drifting
errors contained in the wvalues measured by this gauge are, as mentioned before,
about 1mm/min. The residual settlements are measured, in addition to those
measured by the settlement gauge 31, by the settlement gauges S81 through SS6
placed on the surface of the sand deposit. Furthermore, the residual seitlements
are also obtained by the measured amount of the drained water. Three kinds of
settlements obtained by these methods are sometimes turned out to be inconsistent
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with each other as shown in Figs. 79 through 88. It was not possible which value
was most reliable. Therefore, when the computed gettlements are within the range
of the measured values by the three kinds of methods, it will be determined that the
computed and the measured values are consistent with each other within the order
of the discrepancy between the measured settlements.

The result of each case, shown in Figs. 79 through 88, is summarized as
follows:

(a) Case R-602 (without the gravel drain, under sinusoidal motion, maximum input
acceleration 30 Galg)

The simulation over-estimated the excess pore water pressures as shown in
Fig. 79. However, the gimulation gave a reasonable approximation on the settlements
within the order of the discrepancy between the measured settlements.

(b) Case R-302 (without the gravel drain, under sinusoidal motion, maximum input
acceleration 50 Gals)

The simulation gave & reasonable approximation on the excess pore water
pressures as shown in Fig. 80. The simulation also gave a reasonable approximation
on the settlements within the order of the discrepancy between the measured
settlementis.

(¢) Case R-204 (without the gravel drain, under sinusoidal motion, maximum input
acceleration 43 Gals)

The simulation gave a reasonable approximation on the excess pore water
pressures as shown in Fig. 81, However, the gimulation slightly under-estimated the
settlements.

(d) Case R-603 (without the gravel drain, under sinusoidal motion, maximum input
acceleration 84 Gals)

The simulation gave a reasonable approximation on the excess pore water pres-
sures as shown in Fig. B2, However, the simutation slightly under-estimated the
settlements.

(e) Case R-802 (without the gravel drain, under earthquake motion, maximum input
acceleration 106 Gals) :
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The simulation gave a good approximation on the rate of increase in the
excess pore water pressures. However, the empirical equation for the coefficient of
volume compressibility after liquefaction, indicated in Fig. 83, could not give a good
approximation to the longer ferm behaviour under earthquake motions. As a
trial, the maximum value of the coefficient of compressibility was limited to the
value of 0.35 em*/kgf, which was the maximum value obtained at the case of sinusoidal
input motions as shown in Fig. 57. The computed results, as shown in Fig. 83, were
not improved very much.

(£} Case R-402 (with the gravel drain, the spacing ratio «/ b=0.3, under sinusoidal
input motion, maximum input acceleration 50 Gals)

The simulation gave a reasonable approximation on the excess pore water pres-
sures as shown in Fig. 84. The simulation also gave a reasonable approximation on
the settlements within the order of the discrepancy between the measured settlements.
(g) Case R-502 (with the gravel drain, the spacing ratio a/b=0.3, under sinusoidal
input motion, maximum input acceleration 50 Gals)

The simulation gave a reasonable approximation on the excess pore water pres-
sures as shown in Fig. 85. The simulation also gave a reasonable approximation on
the settlements within the order of the discrepancy between the measured settlements.
(h) Case R-T02 (with the gravel drain, the spacing ratio o/ b=0.45, under sinusoidal
input motion, maximum input acceleration 51 Galg)

The simulation over-estimated the excess pore water pressures as shown in
Fig. 86. The simulation slightly over-estimated the settlements.

(i) Case R-T03 (with the gravel drain, the spacing ratio «/b=0.45, under sinuscidal
input motion, maximum input acceleration 82 Gals)

The simulation over-estimated the rate of increase in the excess pore water
bressures as shown in Fig. 87. The simulation also over-estimated the rate of dissipa-
tion in the excess pore water pressures. The lower rate in the measured dissipation
of excess pore water pressures might be partly due to the rise of the water level
within the casing for collecting the drained water as shown in Fig. 76. The simulation
slightly over-estimated the settlements within the order of discrepancy between the
measured settlements.

(i) Case R-902 (with the gravel drain, the spacing ratio «/ b=0.3, under earthquake
input motion, maximum input acceleraticn 99 Gals)

The simulation under-estimated the excess pore water pressures as shown in
Fig. 88. The simulation also under-estimated the settlements.

All the over- or under-estimations revealed in these results are of the order of
factor two. As a conclusion drawn from the above results, the simulation with Eqgs. (1)
and (4} gives a reasonable approximation on the performance of the gravel drain
if we allow the safety factor of about two on the excess pore water pressures and
the settlements. It is also suggested from the above results that the dissipation of
excess pore water pressures at the high excess pore water pressure ratios, especially
after liquefaction, needs further study. These conclusions suggest that the maximum
excess pore water pressure ratios which will be allowed at the design of the gravel
drain should not be very high even if the stability analysis happens to allow higher
values on the excess pore water pressure ratios.

4.5 General applicability of the model

In the present study, the maximum effort has been paid for obtaining the reliable
data on the performance of the gravel drain. These data comfirm that the simple
model, i.e. Egs. (1) and (4), gives a reasonable approximation on the performance
of the gravel drain if we allow the safety factor of about two on the excess pore water
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pressures and the settlemenis.

Obviocusly, the conditions on the sand deposif, the gravel drain, and the input
motion given for designing the gravel drain will not be, in general, the same as the
ones which have been covered in the present study. Besides, a definitive comfirmation
on the applicability of the model should wait the in-situ measurement on the per-
formance of the gravel drain during the earthquakes. However, it may require many
vears to acquire the necessary data. In the meantime, the simple model, i.e. Egs. (1)
and (4), is considered a useful tool to provide a guideline for designing the gravel
drain, especially for providing the approximations on the increasing and decreasing
rate of excess pore water pressures, the maximum excess pore water pressures, and
the residual setilements.

When the simple model is used in designing the gravel drain, one thing has to
be reminded; the sensitivity of the performance of the gravel drain. As shown in
the results of the experiments and the analyses, the maximum values of the excess
pore water pressures are very sensitive to the slight variations in the properties of
the sand deposit and the intensity levels and other properties of the input motions.
Besides, the properties in the dissipation of excess pore water pressures and those in
the settlements drastically change once the sand deposit liquefies. Therefeve, as
mentioned earlier, the maximum excess pore water pressures which will be allowed
at the design of the gravel drain should not be very high even if the stability analysis
of the sand deposit allows high value.

5. Conclusions

Nine series of the shaking table tests were conducted by using large scale models
of sand deposit with and without a gravel drain; dimensions of the model were about
two meters in diameter and two meters in height. The tests were conducted under
sinusoidal and earthquake input motions. The results of the tests are analysed by
using a model of consolidation with an additional term for generating excess pore
water pressures. The following conclusions are obtained from the present study;

(1) 'The excess pore water pressures at the sand deposit dissipate according to the
mechanism of consolidation if the maximum excess pore water pressures attained
during the shaking is less than about half of the initial vertical effective stress.
Ornce the maximum excess pore water pressures go beyond this limit, the rate of
the dissipation hecomes slower as the maximum excess pore water pressures becomes
greater. Especially, once the maximum excess pore water pressures reach the initial
vertical effective stress, the rate of dissipation becomes drastically low and becomes
dependent on the stress or strain histories applied to the sand deposit.

(2) The effect of the gravel drain is (i) to reduce the rate of increase in pore
water pressures and (ii) to increase the rate of dissipation in pore water pressures.
The maximum excess pore water pressures are sensitive to the slight variations in
the properties of the sand deposit and the intensity level and other properties of
the input motions.

(3) The settlements are inevitable even if the gravel drain is instalied. The pattern
of the settlements is of differencial settlement; the settlements at the gravel drain
were smaller than those at the sand deposit surrounding the gravel drain. In general,
whether the settlements at the gravel drain are smaller than those at the sand
deposit or vice vesa depends on the properties of the gravels and the sands. Once
the excess pore water pressures reach the value of the initial vertical effective stress,
the order of the setilements becomes drastically large.
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(4) The simple model based on the mechanism of consolidation with an additional
term for generating the excess pore water pressures provides a reasonable approxi-
mation on the inereasing and the decreasing rates of the excess pore water pressures,
the maximum excess pore water pressures, and the settlements within the range of
the safety factor of two.
(5) The performance of the gravel drain against the clogging was demonstrated
under the conditions similar to those in the field during the earthguakes.
(Received on June 28, 1988)
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List of Symbeols

horizontal sectional area of the element

radius of the gravel drain

radius of the eguivalent circle of the tributary area of the gravel drain
grain size in mm, corresponding to 15% finer by weight, of filtering material

used for the gravel drain

grain size in mm, corresponding to 85% finer by weight, of the sand deposit

relative density

void ratio

maximum void ratio

minimum void ratio

frequency of shaking

shear modulus at small strain level

specific gravity

acceleration of gravity

height of top of the gravel layer of the model ground

height of top of the sand deposit of the model ground

depth of gravel drain

coeflicient of permeability in the horizontal direction in the sand deposit

coeflicient of permeability in the vertical direction in the sand deposit

coefficient of permeability of the gravel drain

coefficient of permeability of sand depesit at 15°C

coefficient of volume compressibility of the sand deposit

coefficient of volume compressibility of the gravel drain

number of cycles of cyclic shear stress

number of cyecles required to cause initial liquefaction
: number of cycles required to cause initial liquefaction by the cyclic loadings
of which amplitude is the same as that of the J-th half cyele

radial coordinate which originates at the center axis of the gravel drain and
points outward
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As ¢ increment of the settlement

# i time coordinate

t: : time at which the k-th half cycle of shear stress wave ends

# : duration of cylic shear stress required fo cause initial liquefaction

U. : coefficient of uniformity

# 1 excess pore waler pressure

#y; © excess pore water pressure which will be generated by the eyelic shear under
undrained condition in the sand deposit

#ga @ excess pore water pressure which will be generated by cyelic shear under

und1a1ned condition in the gravel drain
Hmax . MAXIMUM excess pore water pressure
A i inerement of the excess pore water pressures
du, : increment of the excess pore water pressures under undrained condition
W, : weight of i-th element

% 1 acceleration of the {-th element

z : vertical coordinate which originates at the bottom level of the gravel drain
and points upward

a ¢ an empirically determined constant, which is used in the equation for execess

pore water pressure generation (a typical value is 0.7)
amax ¢ Maximum input accelerafion

e, . axial strain in the undrained triaxial test

rp . shear stress amplitude at the undrained triaxial test

z: : shear stress acting on the lower boundary of i-th element
. : initial confining pressure at the undrained triaxial test
'y ¢ initial effective vertical stress

yae @ saturated unit weight of sand

rw o unit weight of water
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Appendix A TImpulse test and resonant test

The impulse test was conducted by hitting the shaking table with a wooden
hammer in the horizental direction. The upward propagation of impulse wave was
clearly observed as shown in Fig. Al. In this figure, A0 is the accelerometer at the
shaking table and Al1-Al5 are the accelerometers within the sand deposit located
at the heights of 160 cm, 120 em, 80 cm, 40 cm, and 20 ¢cm as shown in Fig. 3. The
time marker is inserted at every 0.01 seconds in Fig. Al. By reversing the direc-
tions of the hits with the wooden hammer, the phase of the initial impulse was
confirmed as of a shear wave.

The resonant test was conducted by applying 10 cycles of sinuscidal waves
starting from 1 Hz up to 80 Hz. The amplitude of the input motion was less than
5 Gals. The resonant frequency was obtained by using the transfer function between
the response of the sand depesit and the input motion. The example of the transfer
funetion is shown in Fig. A2, There is a small peak and the corresponding phase
shift at about 8 Mz. This psendo resonance was identified, by using the pair of
accelerometers AVI and AV2 in Fig. 3 measuring the vertical components, as of the
rocking motion of the whole system. The resonant frequency identified as of the
shear response was 3.5 Hz in the case shown in Fig, A2,
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Fig. 1 Result of an impulse test
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PFig. A2 Result of a resonant test
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Appendix B Properties of the sand obtained by iriaxial test

The sand used for the present study was tested with a trixial test apparatus by
Mr. K. Irisawa, Member of Se¢il Dynamics Laboratory. Unfortunately the sand used
for the trixial test was not exactly the same as the sand used for the shaking tests
conducted in the present study; fines in the amount of less than 5% are contained
in the sand used for the triaxial test while the finegs were completely washed oud for
the sand used for the shaking tests. €., and e,;, for the sand used for the triaxial
test were 1.300 and 0.798, which are slightly different from the values obtained for
the sand used for the shaking tests. However, the relative densities were calculated
using the values obfained for the sand used for the shaking tests.

The results of the undrained triaxial eyclic loading tests are shown in Figs, Bl
and B2. The initial confining pressure used for the tests was 1.0 kgf/em2 The
coefficients of volume compressibility were obtained by measuring the amount of the
drained water after the undrained triaxial cyclic loadings. The same initial confining
pressuire was used. The results are presented in Fig. B3.

G4
O Uman /0= 1.0
0.3+ - ~ 2Ea=5%
. TRESma | 26s10%
*b\ 025 \0 T De=55%
0r=32%
0.4
0 1 1 { 1 1 ]
1 10 100 300
N.
Fig. B1 Results of the undrained cyclic triaxial
tests
10 e 1.0 NP
aa L | o °
o * & N o
o o o . . s ° De=55%
on u 0:=32% & P ,
p 50 ~ o /oy =0,238
o5}~ of o To/o=0.20) R . 0271
vo i " o177 @ s 0270
a 0.159 A 0.263
o) ' ] 1 1 1 1 L ' 1 Is) 1 : L 1 i { 1 t '
o] 0.5 10 (o] 0.5 0
N/Ne N,
(a) Dr=32% (b) Dr=355%

Fig. B2 Pore water pressure generation curves

— 148 —



Large Scale Model Tests and Analyses of Gravel Drains
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Fig. B3 Coefficient of compresshility after excess
pore pressure rise (to be continued)
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Appendix C Time histories of the shear strains

The time histories of the shear strains weve obtained from the measured dis-
placements. The results are shown in Fig. Cl.

RE0Z HAY.= 0. 00424
0,005
~0.00

502 HAX.= 0.00145
0005 *
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o e Akl cabive b, i
'\vw-wvm\vvvmwwwvrrwvv' ¥
~8.005- = o 15.

TI4E (SECONDS)

{n) Case R—602 (without gravel drain, sinusoidal input motion,
maximum acceleration 30 Gals)

Fig. C1 Time histories of the shear strains at the height of,
from the upper most row, 140cm, 100cm 40cm, and
30cm obtained from measured displacements by H11-115

(to be continued)
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Fig. C1 Time histories of the shear strains at the height of,
from the upper most row, 140cm, 100cm 40cm, and
30cm obtained from measured displacements by H11-H15

(to be continued)
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Fig. C1 Time histories of the shear strains at the height of,
from the upper most row, 140cm, 100cm 40cm, and
30cm obtained from measured displacements by H11-H15
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Fig. €1 Time histories of the shear strains at the height of,
from the upper most row, l40cm, 100em 40cm, and
30cm obtained from measured displacements by H11-HIS5
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Fig. C1 Time histories of the shear strains at the height of,
from the upper most row, 140cm 100cm  40cm, and
30cm obtained from measured displacements by H11-H15
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Fig. C1 Time histories of the shear strains at the height of,
from the upper most row, 140cm, 100cm 40cm, and
30cm obtained from measured displacements by H11-H15
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Appendix I Time histories of the shear stresses

The time histories of the shear stresses were compuied from the measured
accelerations. The procedure for the computation is presented in 4.2 in the present
report. The results are presented in the form of shear stress ratio (shear stress
divided by the initial effective vertical stress) in Fig. D1 for some of the tests and
in the form of shear stress in Fig, D2 for the rest of the tests.
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Fig. D1 Time histories of the shear stress ratios at the height
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Fig. D2 Time histories of the shear stresses at the height of
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