Shaking Table Test of Waterfront Structure for
Liquefaction Countermeasure
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Abstract

Liquefaction leads to severe damage to earth structures after an earthquake. In this
study, shaking table tests were performed on model waterfront structures as a
countermeasure against liquefaction. The waterfront structure was reinforced by a
compacted zone, which was investigated for its effectiveness in protecting the structure
from excessive deformation induced by the lateral pressure of liquefied ground. Through the
tests- on embankment, double sheet pile wall, and anchor sheet pile wall, good quantitative
information on the behavior of flow failure and the extent of reinforcement was obtained.
The extent of a compacted zone for the protection of the structure depends on the magni-
tude of the acceleration during the shaking. The measured deformation was represented in
terms of the extent of the compacted zone and the magnitude of the input acceleration.
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1. Introduction

Earthquakes have induced a large amount of damage on civil engineering facilities, such
as the settlements of buildings, landslides and the failures of earthdams. It has been known
that soil liquefaction is the major cause leading to these kinds of damage. On liquefied
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ground, permanent deformations were reported to spread over a wide area which sometimes
ranges from a few meters to over a hundred meter. Specially, it is noticed that a large lat-
eral flow can easily occur at some ground conditions such as (a) flat ground in front of a
surcharge such as dykes and embankments, (b) flat ground behind a waterfront such as
rivers, lakes and sea, and (c) slightly sloped ground!'~4.

Methods of countermeasure for reducing damage from liquefaction can be classified into
two groups(®.. The first method is to make some reinforcements on the loose ground de-
posit not to occur the liquefaction during earthquakes. The second is to allow the liquefac-
tion, but the structure is designed strongly enough to resist the liquefied ground. A differ-
ent method is applied to a different type of structure. For example, waterfront structures
are constructed on ground reinforced by densification, but on the other hand, buried
pipelines are generally installed in the natural deposit without ground treatments.

Recently, shaking table tests have been widely performed to investigate the behavior of
ground during earthquakes. Particularly, the model grounds with slopes are observed with
emphasis on the behavior of the flow failure induced by liquefaction®™ 7 #. In this study,
shaking table tests were performed on model waterfront structures as a countermeasure
against liquefaction. The waterfront structures were reinforced by compacted zones. The ef-
fectiveness of a compacted zone is examined for protecting the structure from excessive de-
formation caused by liquefaction. Determination Qf the optimum area of the reinforcement
is the major interest in the design of structures built on liquefiable ground.

2. Flow failure of liquefied ground

Liquefaction induces two types of failure, flow failure and deformation failure on inclined
ground. Flow failure is defined on the condition where a soil mass can deform continuously
until equilibrium is restored only after enormous displacement and settlement. Generally, it
occurs near the end of seismic shaking or in quite a period immediately after shaking.
Hence, deformation failure involves unacceptably large permanent displacement or settle-
ment during shaking, but the ground remains in a stable condition following shaking with-
out great change in geometry.

The failures by the liquefaction occur to the ground having driving shear stresses due to
the existence of embankment and the foundation of structure(® > 9. Ishihara et al.l¥} have
described the stability check and the extent of deformation as follows. Consider a sloping
ground subjected to the initial shear stress Ts. The schematic undrained stress—strain
behavior of the ground can be illustrated by Fig. 1, where Su is defined as the residual
shear strength and Tae is the peak shear strength which is commenly defined under the
stress conditions of 5 cycles. Suppose an earthquake hits a ground inducing a seismic shear
stress T4 within a soil mass. If the induced shear stress is larger than the peak shear
strength Tae, liquefaction is triggered. Then, a progressive failure starts and the shear re-
sistance keeps on decreasing to the steady —state or residual strength. Furthermore, when
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the undrained steady —state strength required for static equilibrium is smaller than the

shear stress, a large flow slide is generated.

a) Tg< Tqe
TeS 8y

Slight deformation
{(No damage)

b) Ta2 Tqp
Ts 28,
Limited deformation
‘Moderate damage)

c) Td<Tde
Ts<Su

Unlimited deformation
(Considerable damage)

0 Strain

Fig. 1 The stability of liquefied ground.

Recently, shaking table tests have been widely performed to investigate permanent defor-
mation induced by liquefaction because of the advantages that ground deformation can be
observed directly during testing. Based on the shaking table tests on sloped ground,
Towhata et al.(¥) pointed out several important features regarding the permanent defor-
mation of liquefied sand. First, the gradient of the liquefied sand layer influences directly
the permanent ground deformation. Second, when a ground surface is level, permanent lat-
eral displacement is small even if the bottom of the liquefied ground is inclined. Third, the
liquefied sand behaves like either a liquid or a very soft solid material. Thus, permanent
displacement continues until the slope becomes a level ground, or when a force equilibrium
condition is reached at its inclined configuration.

Ishihara and Takeuchi® performed large size shaking table tests on model dykes laid on
liquefiable sand deposits. Three tests were carried out on the clay dykes, which were placed
on the loose sand deposit having a compacted zone. Installation of the compacted zone was
effective only when it was built in front of a liquefiable zone covered with a sufficiently
thick surcharge. Based upon the observations from the shaking table test and the actual
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failure of the tailing dam, the existence of a slip surface was assumed within the liquefied
layer. Along the slip surface, the sliding of the tailing dam was considered to take place.

3. Shaking table unit and the model structure

3. 1. Test equipment
The shaking table at the soil laboratory of the University of Tokyo consists of several

units. The system of the equipment is shown in Fig. 2, and it contains the following units:
an input unit for cyclic waves, control unit, oil pressure unit, actuator, shaking table, and

soil tank.
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Fig. 2 The staking table unit at the University of Tokyo.

3. 2. Preparation of the model ground
The model structures were made in the form of double sheet pile wall and anchor sheet

pile wall. Plastic plate, 3mm in thickness was used for the sheet pile. The plate was flexible
enough to allow a large lateral deformation on the model structure during the shaking test.
The distance between the two sheet piles of double sheet pile wall was varied in each test
case. Sheet pilés had a fixed boundary condition at the base, and the upper parts of the
two sheet piles were connected by three tierods. The material of the tie - rod was bronze,
3mm in diameter.

The model ground was constructed by the method of water pluviation, in which the sand
is rained slowly into the soil tank filled with water. The material of the ground was
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Toyoura sand. It is the standard fine sand in Japan, and the material properties are writ-
ten in Table 1. The size of the model ground was 55c¢cm in depth and 400cm in length. The
width was reduced to 30cm in order to save effort on preparing the ground.

The ground had two sand deposits, the liquefiable loose sand with relative density of
around 40%, and the compacted dense sand with around 80%. For the purpose of observing
lateral movements, several vertical lines were drawn by pouring the dark sand into the
channels which had been already installed on the inner surface of soil tank window. These
channels would be removed after completing the preparation of the model ground. Pore
pressure meters and accelerometers were placed inside and on the surface of the ground to
pick up the records. Also, some colored pins were inserted into the surface to observe sur-

face movements.

Table 1. The properties of Toyoura sand

Specific Gravity, Gs 2.65
Maximum void ratio, emax 0.974
Minimum void ratio, emin 0.616
Uniformity, U 1.500
Effective grain size Dio(mm) 0.16

4. Test results and discussion

Six cases of model structures were tested through the shaking table. The types of model
ground were decided to examine the effectiveness of the preventive countermeasure against
flow failure due to liquefaction. These model structures can be classified into 3 types, such
as:

(a) model embankment having no compacted zone,

(b) double sheet pile wall having a compacted zone, and

(¢) anchor sheet pile wall having a compacted zone.

The input wave forms of shakings were given by a sine wave having the frequency of 3
or 5Hz and the acceleration of 120 or 200gals. The geometry and locations of accelerometers
and pore pressure meters are shown in Fig 3. The ground conditions of the model
structures are listed in Table 2. The shaking conditions and the final induced deformations
of the tests are described in Table 3.

4. 1. Model embankments

Two model embankments with the slope of 1:2.75 were made for Case 1. One embank-
ment(Case 1A) was shaken twice at the frequency of 5Hz and the acceleration of 120gals
(Case 1A—1) and 200gals(Case 1A—2), respectively. The other(Case 1B) was shaken at
3Hz and 120gals. Figure 4 shows the acceleration and the pore pressure developments of
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Table 2. Ground conditions of model structures
Length of Ground condition
Case Type compacted loose ground compacted ground Remarks
zone(cm) e D (%) e D (%)
1A embankment - 0.866 24.5 - - *DS.P:
2B embankment - 0.838 329 - - double sheet
2 DS.P 15 0.846 34.2 0.715 73.6 pile wall
3 DS.P 30 0.818 42.6 0.678 84.7
4 D.S.P 70 0.840 36.0 0.685 82.6 * ASP:
5 AS.P - 0.842 354 - - anchor sheet
6 ASP 70 0.823 41.1 0.681 83.8 pile wall
Table 3. Final induced deformation on the model structures
Shaking Measured deformations(cm) S
Case Acc. | Time A B C D E F (crrtl.) Remarks
(gals) | (sec)
1A-1 120 6 10.0 10.0 6.0 5.0 5.0 2.5 4.0
1A-2 200 15 - 41.0 26.0 175 15.0 8.5 10.0
1B 120 42 20.0 14.0 11.0 7.0 9.0 2.0 10.0
2 120 28 135 7.0 5.0 2.0 0. 0. 5.0 stable
3-1 120 25 5.0 5.0 2.0 0. 0. 0. 3.0 stable
3-2 200 35 0. 145 9.0 4.2 3.0 0. 6.0 stable
4~1 120 25 0. 0. 0. 0. 0. 0. 0.
4-2 200 30 0. 0. 0. -15 | —15 0. 1.0 stable
4-3 400 30 7.0 4.5 15 —-6.0 { —3.0 | =50 5.0 stable
5 120 22 2.0 18.7 9.0 8.0 4.0 3.0 4.0 unstable
6—1 120 26 1.2 0. 0. 0. 0. 0. 2.4 stable
6—2 200 30 3.0 2.0 2.0 —40 | =55 | =55 5.0 stable
63 400 23 9.0 2.0 =20 | =70 | =60 | —8.0 7.0 stable

Note : For the frequencies of the shaking, Case 1A has 5

Hz, and

the rest have 3 Hz

Case 1A—1 and Figure 5 shows the patterns of the deformation for Case 1. Brief
descriptions of the test results are as follows.

The pore pressure build-up and dissipation show different patterns depending on the el-

evation of the ground. According to the records of pore water pressure developments in

Case 1A—1 as shown in Fig. 4(b), at the lower points of Nos. 6, 3 and 1, the pore water

pressures have built up suddenly and trigger the liquefaction. Then, they begin to drop
gradually when the shaking has finished. On the other hand, at the upper points of Nos. 4
and 5, the developing pore water pressures have remained for quite a long time even after

the termination of the shaking. Two lines of pore pressure development at the upper and
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lower points have merged during the pore pressure dissipation. From this pattern, it can
be noticeable that the reconsolidation of the liquefied ground starts from the bottom. The
flow slide might have continued until the reconsolidation has completed. This seems to be
the reason why a little progressive deformation was observed in Case 1A —1 just after the
shaking. This kind of progressive deformation has been known to occur on the actual
liquefied field due to seismic shaking.

In the second shaking of Case 1A, larger deformation was observed on most parts of the
embankment, particularly at the location near the slope as shown in Fig. 5(b). The crest of
the embankment was pushed downward and piled up at the downhill. Furthermore, because
the elevation of the water table had risen during shaking, the unsaturated deposit above
the water table lost its shear strength and sank into water. Most parts of the deposit ex-
cept the area near the right boundary experienced liquefaction in Case 1B as shown in Fig.
5(c). The occurrence of the unliquefied zone seems to be caused by the boundary wall ef-
fect. There is a distinct difference in the mode of deformation between the liquefied and
the unliquefied deposits. In the unliquefied zone, no considerable deformation appears, and
a tension crack is generated on the surface of the boundary between two zones. Tension
cracks have been observed on fields hit by earthquakes.

The records of pore water pressure build-ups show that the model embankments have ex-
perienced large flow type deformation at maximum pore water pressure ratios less than 100
percent. Initial shear stresses existing in the embankment accelerate the triggering of
liquefaction. Actually, the ground near the slope was pushed away by sliding at the pore
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water pressure ratio between 0.7 and 0.8. As far as the size of the deformation is concerned,
the flow type of deformation on the embankment seems to be influenced by both the ge-
ometry and ground conditions. For Case 1B, the duration of shaking is much longer than
in Case 1A, but the ground deformations of Case 1B appeared to be smaller than those of
Case 1A. Three possible reasons can be thought such that (1) the model embankment
of Case 1A has a relative density smaller than that of Case 1B, (2) the liquefied area of
Case 1A is larger than that of Case 1B and (3) Case 1A has a longer period of time in
which the embankment has remained in the state of liquefaction. For a simple analysis of
stability, a sliding surface can be assumed within the liquefied layer of the embankment.
According to the histories of deformation in Fig. 5, sliding surfaces clearly appear in the
ground near the slope. Being compared with the sliding surface of unliquefied slope in a
conventional slope stability problem, the sliding surface spreads over a wide extent of the

liquefied layer.

4. 2. Double sheet pile and anchor sheet pile walls

Three cases of double sheet pile walls were tested for Cases 2, 3 and 4. The model
grounds were made of two zones: the compacted dense sand zone between two piles and the
liquefiable loose sand zone. These two zones behaved independently during the tests. Rather
than sudden build-ups of pore pressures as appeared in loose sand zones, the negative pore
water pressures dev loped in the compacted zone due to the dilatency. Figure 6 show the fi-
nal deformations of the double sheet pile walls.

The structure was quite stable in Case 2. As the shaking continued, the lateral defor-
mation had almost stopped after spreading to some extent. However, quite a lateral defor-
mation is induced on the sheet pile structure. The wall was pushed by the lateral forces of
the liquefied ground. Most deformation occurred in the area behind the wall even though
the whole loose sand deposit was liquefied. Since the sheet piles have fixed conditions at
the bottom, only a rotation is allowed. The deformation of the ground is directly influenced
by the rotational resistance of the sheet pile wall.

A little deformation appeared on the structure at the first shaking of Case 3(Case 3—1)
owing to the enlarged zone of compaction. However, after the second shaking(Case 3—2),
large deformation showed in the wall. The model structure of Case 4 behaved very strongly
against the liquefied ground. At the first shaking(Case 4—1), the whole ground did not
liquefy. During the second shaking(Case 4 —2), the loose sand deposit liquefied, but only a
little settlement appeared on the surface. At the third shaking(Case 4—3), a bulge ap-
peared on the front wall and the lateral deformation of the liquefied ground directed
toward the opposite of the waterfront. The unsaturated layer above the water table was
pushed toward the opposite direction because of the elevation gradient caused by the dif-
ference between the settlement of the dense and loose deposits.

The model anchor sheet pile walls consist of Cases 5 and 6. The anchor plate was embed-
ded in loose snad deposit in Case 5, so the flow type of failure occurred on the structure.
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The anchor sheet pile wall deformed continuously until the end of shaking. Hence, three
tests of Case 6 showed that the compacted zones in anchor sheet pile wall resisted very
strongly the lateral pressure of liquefied ground. The behaviors of the deformation were
similar to those of Case 4. Figure 7 shows the final deformations of the anchor sheet pile

walls.

(a) Case 2
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4. 3. The effects of the compacted zone in the waterfront structures
The shaking table tests of the model structure reveal that the compacted zone plays a
very important role to prevent large deformations both on the structure and the liquefied
ground. The measured deformations from the tests can be summarized in terms of the ex-
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tent of the compacted zone and the magnitude of the input acceleration. Figure 8 shows the
case in which only a limited deformation was observed on the structure. The deformation
ratio, d/ H represents the maximum wall movement divided by the height of the wall from
the fixed end. On the other hand, the reinforced ratio, L/ H is the ratio of the width of the
compacted zone to the height of the sheet pile wall. Actually, the results include the
interplayed resistance of the sheet pile itself and the densified sand. However, since the
model sheet pile was made of very flexible material, the resistance of the sheet pile could
be neglected.

If an allowable deformation ratio is assumed to be 0.025, the reinforced ratio, L/H is
obtained to about 1 for an acceleration of 120gals, and to about 1.5 for 200gals from Fig. 8.
It means that a double sheet pile wall requires a co mpacted zone as wide as the height of
the sheet pile wall to be safe from the lateral pressure of the liquefied ground behind the
structure. For the practical application in design, the relationship in Fig. 8 has some
limitations, because (1) the strength of the sheet pile itself and the effects of scale are not
considered, (2) the test data are not sufficient and (3) the fixed end conditions of sheet
piles are not guaranteed in the actual field. However, it provides very good quantitative
information on the extent of the reinforcement.
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Fig. 8 The displacement of the waterfront
structure according to the width of

compacted zone.

5. Summary and Conclusion
The characteristics of the liquefied ground and the effects of a compacted zone were
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examined for the purpose of protecting the waterfront structure from flow failure.

Throughout the shaking table tests on embankments, double sheet pile walls, and anchor

sheet pile walls, some conclusions can be found as follows:

(1) The pore pressure ratio triggering the flow type of failure on the slope depends on the
magnitude of the initial static shear stress. Pore pressure ratio over 0.8 seems to be
critical to the stability of the slope.

(2) For a simplified stability analysis, a sliding surface can be assumed to exist to a very
wide extent within the liquefied layer.

(3) The amount of the deformations in the liquefied embankment is affected by the density
of the ground, the area of liquefied ground, the depth of the liquefied zone, the sur-
charge of the unliquefied layer, and the period of time at which the ground has
remained in a state of liquefaction.

(4) The amount of deformation on the waterfront structure depends on the extent of the
compacted zone and the magnitude of the input acceleration.

(5) As to the extent of the compacted zone, an area of at least 1—1.5 times to height is
required to protect the waterfront structure from excessive deformation.

Therefore, the results of the skaking table tests provide good quantitative information
on the behavior of flow failure and the extent of reinforcement for protecting the water-
front structure from flow failure. However, for the better practical countermeasure against
liquefaction, further research must be done on areas such as the behavior of the interaction
among the liquefied ground, the compacted zone and the sheet pile structure.

Acknowledgment

This study was conducted under the post —doctoral program supported by Korean Sci-
ence and Engineering Foundation(KSEF). The support is gratefully acknowledged.
Deepest gratitudes are expressed to Prof. Kenji Ishihara and Prof. Ikuo Towhata for mak-
ing this study possible at the Soil Mechanics Laboratory of the University of Tokyo and
for their guidance.

References

(1) Hamada, M., Yasuda, S., Isoyama, R. and Emoto, K. (1986), “Observation of Perma-
nent Ground Displacements Induced by Soil Liquefaction,” Proc. Japan Society of Civil
Engineering, No. 336, Il —6, pp. 211 —220.

(2) Ishihara, K., Yasuda, S. and Yoshida, Y. (1990), “Liquefaction —Induced Flow Failure
of Embankments and Residual Strength of Silty Sand,” Soils and Foundations, Vol. 30,
No. 3, pp. 69—80.

(3) Ishihara, K. and Takeuchi, M. (1991), “Flow Failure of Liquefied Sand in Large —Scale
Shaking Tables,” Proc. of 2'nd Int. Conf. on Recent Advances in Geotechnical Earth-
quake Eng. and Soil Dynamics, March, St. Louis.

48 H8% F3IMW - 19924 9A



(4) Liquefaction of Soils during Earthquake(1985), National Research Council, National
Academy Press, Washington D.C.

(5) Poulos, S. J., Castro, G. and France, J. W. (1984), “Liquefaction Evaluation
Procedure,” ASCE, Vol. 111, GT 6, pp. 772—792.

(6) Sasaki, Y. (1991), “Strategy for Remedial Treatment of Liquefiable Soil,” Int. Work-
shop for Remedial Treatment of Liquefiable Soil, PWRI, Tsukuba, Japan, pp. 1 —11.

(7) Sasaki, Y., Tokida, K., Matsumoto, M. and Saya. S. (1991), “Flow Failure of Liquefied
Sand in Large—Scale Shaking Tables,” Proc. of 2'nd Int. Conf. on Recent Advances in
Geotechnical Earthquake Eng. and Soil Dynamics, March, St. Louis.

(8) Towhata, I., Tokida, K., Tamari, Y., Matsumoto, M. and Yamada, K. (1991), “Shaking
Table Tests and Analytical Prediction of Permanent Displacement Caused by Seismic
Liquefaction,” Proc. of IX Panam. Conf. Soil Mech. Found. Eng., Chile.

(9) Vasquez H. A. and Dobry R. (1988), “The Behavior of Undrained Contractive Sand and
Its Effect on Seismic Liquefaction Flow Failures of Earth Strucures”, Dept. of Civile
Eng., Rensselaer Polytechnic Institute.

(dd Ak 1992, 3. 6;

BREMBETREE 49



