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ABSTRACT: Many industrial facilities have been constructed on coastal reclaimed land for
their convenience. In most of coastal areas in Japan, the occurrence probability of a huge
earth-quake is considerable. During a large earthquake, it is likely that seawall structures sig-
nificantly damaged and induce fatal malfunctions in the facilities around the seawalls. Because
many of them are key facilities, it is important to prevent operational disruptions to these
facilities by introducing appropriate seismic countermeasures. Therefore, the influence of sea-
wall deformation during large earthquakes on the performance of peripheral facilities and the
effectiveness of the countermeasures were examined by performing a large-scale shake table
test and two-dimensional dynamic finite element analysis on the test model. As a result, the
test results could be reproduced well by the finite element analysis, and the effectiveness of the
countermeasures was clarified.

1 INTRODUCTION

Based on surveys performed by Japanese national organizations (e.g., Headquarters for
Earthquake Research Promotion 2013), a huge earthquake to be occurred in the Nankai
Trough and the Tokyo metropolitan area in close future would probably cause significant
damage. For convenient, a large areas of reclaimed areas have been developed, various kinds
of artificial structures such as factories, port facilities, airports, and office are often located in
reclaimed coastal areas that could possibly be affected by large earthquakes. The shoreline of
them is usually protected by seawalls that prevent erosion by sea waves as well as the loss of
reclaimed soil. However, when a large-scale earthquake occurs, intense motion and earth-
quake-induced soil liquefaction may cause significant deformation of the seawall, which may
affect functions of facilities around the seawalls. In the 1995 Hyogoken-Nanbu earthquake, a
large number of seawalls greatly deformed due to the earthquake and liquefaction of the
reclaimed ground (Inatomi et al. 1997). As a result of the lateral spreading caused by the lique-
faction, industrial complex facilities behind the seawall were also damaged (Umemoto et al.
2005).

3078



Seismic countermeasures often have to be implemented for existing facilities in operation.
However, in most cases, it is difficult to take countermeasures at industrial complexes because
many structures are constructed underground, on the ground, and in the air, and close to each
other. For public infrastructure, countermeasures have been progressively made by the
national government and municipalities. In contrast, for private facilities, their owners are
responsible for implementing countermeasures, thus it is required to promote them to conduct
seismic countermeasure by themselves by developing high cost-performance method. In light
of this, the influence of seawall deformation during large earthquakes on the performance of
peripheral facilities and the effectiveness of the countermeasures against the deformation are
examined with a large-scale shake table test and a numerical analysis of the test.

2 LARGE-SCALE SHAKE TABLE TEST

2.1 Test method

A large-scale shake table model test was conducted using the three-dimensional large-scale
earthquake testing facility (E-Defense) owned by the National Research Institute for Earth
Science and Disaster Resilience. Figure 1 shows general diagram for the test model. A soil
container with a length of 16 m, a width of 4 m, and a height of 4.5 m was placed to construct
the specimens. The soil container was divided by a partition wall and two test specimens with
and without seismic countermeasure was made to simulate an existing industrial complex
facility at 1/8 scale. The soil used in this test was Ube silica sand No. 6, and its characteristics
are shown in Table 1. The ground was built by placing the sand into the container with a rela-
tive density of 50% as the loose sand layer and a relative density of approximately 80% as the
dense sand layer by referring to the ground composition around the prototype facility. The
steel pipe pile and the steel sheet pile of the model were designed to show equivalent flexural
rigidity of the actual scale based on the similarity rule (Iai 1988).

As seismic countermeasures used in this test, counter load rubble was placed in front of the
seawall and the ground improvement was applied behind the seawall to suppress the deform-
ation of the wall. This hybrid method can be save cost by putting rubble in front of the seawall
instead of the ground improvement just below the seawall. Because it is expected that the
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Figure 1. General diagram of the model.
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Table 1. Characteristics of Ube silica sand No. 6. gﬂ s o Sampleat pre Blending et
i —#- Formulated sample at the time of test

Soil particle density 2.634 g/em® g a0 »
Maximum density 1.312 g/em?® 2~ /
Minimum density 1.638 g/cm?® gg 200 "
Maximum void ratio 1.008 g < /'/
Minimum void ratio 0.608 3 g
Grave fraction 0.00% g 5 . ‘ . . ‘
Sand fraction 98.67% § 80 00 120 140 160 180
Silt fraction 1.33% = Cement addition amount (kg/m3)
Clay fraction
Maximum grain size 0.85 mm Figure 2. Unconfined compression strength
50% grain size 0.32 mm ground improvement sample (at an age of 28
Uniformity coefficient 2.50 days).
Coefficient of curvature 1.38

15 Max:11.84 Table 2. Bending specifications of ground

% o =T improvement.
E Z Amount of solidifying gent 120 kg/m?
§ S 35 4y Kind of solidifying agent non-shrink mortar
g - Time(s) Relative density of sand 50%
<™ Water content ratio 18.50%
1 Wet density of the 1.70 g/em®
improved body

Figure 3. Time history chart of acceleration.

landing pier would be pushed toward the sea side through the crossing bridge by the horizon-
tal movement of the seawall, it is also necessary to secure large clearance between the crossing
bridge and the wall of the abutment. However, as it is easier for the crossing bridge to undergo
large movements and fall, additional countermeasures to extend the members that support the
bridge girder must be deployed. Cement solidification was used as a ground improvement
measure. Figure 2 shows the strength of the samples during the pre-blending test and the
shake table test, and Table 2 shows blending specifications of ground improvement.

The input motion used in the test is intended to replicate a Mw 7.3 near-field earthquake, and
the similarity rule is taken into consideration in the time scale. The observed acceleration obtained
on the shake table is shown in Figure 3. The maximum acceleration was 11.84 m/s> in the
observed motion, which is considerably different from one of the target motion, 6.79 m/s”. This is
because of nonlinear interaction between the test model, shake table and hydraulic system.

2.2 Test results
The test results are summarized as follows (Itoh et al. 2018);

1. The crossing bridge girder fell down in the non-improved section but did not fall in the
improved section. It indicates the proposed countermeasure with the counter load rubble, the
ground improvement and the bridge fall prevention equipment appropriately secures the
function of the oil transfer facility. A lot of cracks occurred on the ground behind the seawall
in the non-improved section, but cracks were hardly generated in the countermeasure section.
It is because the countermeasure suppressed the seaward displacement of the seawall.

2. The excess pore water pressure ratio increased to approximately 1.0 in the loose sand layer
in front of the seawall in the non-improved section. Liquefaction did not occur in the
improved section. This indicates that the placement of the rubble over the loose sand layer
improves its liquefaction strength.

3. Maximum bending moment of piles for the landing pier in the improved section was
slightly larger than in the non-improved section because the rubble pushed the piles in the
first row of the landing pier due to its deformation. The maximum value of bending
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moment for the sheet pile in the improved section became smaller than that of the non-
improved section owing to the ground improvement behind the seawall.

3 NUMERICAL MODEL

An effective stress analysis based on the two-dimensional finite element method was con-
ducted to simulate the test. The computer program FLIP (Tai et al. 1990), which has been used
in seismic performance evaluation of port structures against level-two earthquake motion, was
used. The FLIP model in this research is shown in Figure 4. A multi-spring model (Towhata
& Ishihara 1985) combined with an excess pore water pressure generation model (Iai et al.
1990) was used for the sand layer. However, excess pore water pressure generation was not
considered for the crushed stone layer and rubble because of its large permeability.

Loose sandy soil Dense sandy soil

Or=50%) D=1

Seawater

Crushed stone

Improved ground  Loose sandy soil e _—
Dr=509 se sandy soil
Rubble 20%) = s

(Dr=75%)

Crushed stone

Figure 4. Numerical analysis models (upper panel: non-improved section; lower panel: improved section).

Table 3. Numerical analysis parameters used.

Soil layer
Sandy soil Sandy soil Sandy soil Sandy soil
Parameter (DES?%) (PFSO%) (DT=7§%) ([,)F75%) Ground Crushed
namr in water n ar in water L
non- . non- : non- . non- X improvement| - stone
mproved improved improved improved improved improved iproved improved
Shear wave velocity [Vs] (m/s) 152.5 166.4 152.5 166.4 207.5 195.7 176.4 184.7 202.2 -
Unit weight [yt] (kKN/m3) 14.7 14.7 185 18.5 15.7 15.7 19.0 19.0 16.7 147
Effective confining pressure | [oma] (kN/m2) 6.1 6.1 6.1 6.1 4.8 4.8 15.7 15.7 7.8 98.0
Shear stiffness [Gma] (kKN/m2) || 47887 47,887 47,887 47,887 79.359 79359 79,147 79,147 69,665 180,000
Bulk modulus [Kma] (kN/m2) || 124,882 124882 124,382 124,882 206,956 | 206,956 206,403 206,403 181,675 469,400
Poisson's ratio [v] 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
Angle of shear resistance [o] (®) 38.6 38.6 38.6 38.6 39.8 39.8 39.8 39.8 - 40.0
Cohesion [c] (KN/m2) - - - - - - - - 115 -
Maxi i [hmax] 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24
Prosity [n] 0.45 0.45 0.45 0.45 0.42 0.42 0.42 0.42 0.45 0.45
Confining pressure dependence [mgmk] 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
9p — - 28 28 - - 28 28 - -
sl = = 0.005 0.005 = = 0.005 0.005 = =
it wl - - 6.325 6.325 - - 3.239 3.239 - —
pl = == 0.5 0.5 - = 0.5 0.5 s =
p2 = = 0.616 0.616 s = 0.2 0.2 — =
cl = - 4.527 4.527 = - 15.690 15.690 =3 =
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The model parameter values are given in Table 3. The shear stiffness of the each layer was
calculated by using shear wave velocity of the ground due to pulse waves performed before
the test. The acceleration time history measured on the shake table in the test was used as the
input motion in the analysis.

4 COMPARISON BETWEEN TEST AND NUMERICAL ANALYSIS

4.1 Displacement

A comparison of residual displacements between the test and the numerical analysis is sum-
marized in Table 4. The results of numerical analysis generally show the same trend as the test
results. In the landing pier, for both the test and analysis, the displacement of the improved
section is larger than that of the non-improved section. This seems to be because the rubble
used in the countermeasure deform and collapsed owing to the vibration, and so the piles of
the landing piers is pushed into the sea.

In the seawall, in both the test and analysis, the residual horizontal displacement of the
improved section is approximately a half of that in the non-improved section. This indicates
that the ground improvement behind the seawall suppresses deformation of the ground and
reduces horizontal displacement of the seawall. The seawall displacement in the numerical
analysis results is approximately 80% of the test results. To consider possible reason of this
difference, profiles of lateral displacement of the ground are compared in Figure 5. In the
loose sand layer (Dr = 50%), the lateral displacement in the analysis is smaller than the test
result. This is thought to be due to it underestimates the horizontal displacement of the loose
sand layer in the numerical analysis.

4.2 Acceleration

A comparison of the time history for the acceleration in the ground is shown in Figure 6. The
maximum acceleration from the numerical analysis is a factor of 1.3 to 4.1 larger than that
from the test. According to comparison of the acceleration at A2 and the horizontal displace-
ment of seawall in improved section shown in Figure 7, although the maximum acceleration
at A2 of the improved section is large especially, this is thought to be due to the impact when
the seawall hit the solidified improved ground. By contrast, except for the maximum value,
the acceleration time histories in the analysis are almost the same as the test results.

Table 4. Comparison of residual displacements.

Horizontal displacement Vertical displacement
(mm) (mm)
test analysis test analysis
Landing pier non-improved 18 19 -4 1
Improved 24 27 =5 2
Bridge pier non-improved 33 19 - 0
Improved 36 25 - 0
Steel sheet pile non-improved 46 59 - 0
Improved 24 29 - 0
Seawall non-improved 67 55 35 5
improved 34 26 18 9
Top of slope for loose sandy soil - 42 - 5
(Dr=50%)
Top of slope for rubble - 30 - 3
Toe of slope for loose sandy soil - 13 - 2
(Dr=50%)
Toe of slope for rubble - 23 - 1
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Non-improvement./ Improvement
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Figure 5. Comparison of lateral displacement in the ground.
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Figure 6. Comparison of time history charts for in-ground acceleration (upper row: non-improved;
lower row: improved).
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Figure 7. Comparison of acceleration at A2 and horizontal displacement of seawall in improved section.
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Figure 8. Comparison of time histories for excess pore pressure ratio.
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—e— The maximum bending moment of each point (result of test)

—e—  The minimum bending moment of each point (result of test)

—e— The maximum bending moment of each point (result of numerical analysis)
—e— The minimum bending moment of each point (result of numerical analysis)
------ Total plastic moment

The first row pile of the landing pier Bridge piers Steel sheet pile
~ 1 0.5
& i
8 ]
sg ! Dr=50%
2 o0s | WNLhas | AR NS UL ?
3 -=Dr=50%
)
£ i | Dr=75%
=} Dr=75% : :
o - S - - -
£ <
:‘3- Crushed stone Crushed stone Crushed stone
a

1 2 2 2 4
(kN+*m) (kKN*m/m)
7 1
3 05
'{:: 0 Dr=50%
2 A Y - R R I e ¥ 5 s
5 ——Dr=50%1
& -1 Dr=75%
B -1.5
e Dr=75%
S -2
& it
k=] = 2.5
z Crushed stone Crushed stone Crushed stone
] 3 = = A4 = = = 3 = . =
-2 -1 0 2 -2 -1 0 1 2 -4 -2 0 2 4
(KN-m) (kKNm) (kN*m/m)

Figure 9. Comparison of bending moments (upper row: non-improved; lower row: improved).
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Figure 10. Comparison of time histories for horizontal displacement (upper row: non-improved; lower
row: improved).

4.3 Excess pore water pressure ratio

A comparison of time histories for the excess pore pressure ratio in the ground is shown in
Figure 8. At P2, in the test, the large ground displacement toward the sea side causes the
ground volume to expand and a negative pore pressure occurred. By contrast, in the numerical
analysis, the excess pore water pressure ratio become large because displacement of the
ground towards the sea side is smaller than that of the test and there is no occurrence of nega-
tive excess pore water pressure. Moreover, in the numerical analysis, the excess pore water
pressure ratio of the loose sand layer (Dr = 50%) does not show much difference depending
on the position and with and without seismic countermeasures.

4.4  Bending moment

A comparison of the maximum and minimum bending moments at any depth along each
member is shown in Figure 9. Along the first row pile of the landing pier, the numerical ana-
lysis results qualitatively agree with the test results; however, the values are smaller than the
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test result values. According to time histories of horizontal displacement shown in Figure 10,
the large displacement appeared in the test by pulsed excitation and, however, this phenom-
enon cannot be captured by numerical analysis.

For steel sheet piles, the decrease in the maximum value of the bending moment due to
ground improvement behind the seawall which could be confirmed by the test is reproduced
by numerical analysis.

In all the members, the maximum value of the bending moment occurs near the boundary
between the crushed stone and the dense sand layer (Dr = 75%). Although the value greatly
exceeds the total plastic moment, it is necessary to be aware that the observation motion of
the test is larger than the target.

5 CONCLUSIONS

We examined the effectiveness of seismic countermeasure by using a large-scale shake table
model test simulating a real existing industrial complex facility and an effective stress analysis
based on the two-dimensional finite element method. The residual displacements results of
numerical analysis generally show the same trend as the test results. The residual seawall dis-
placement in the numerical analysis results is approximately 80% of that in the test results.
This seems that it underestimates the horizontal displacement of the loose sand layer in the
numerical analysis. By contrast, the loose sand layer of the numerical analysis is easier lique-
fied than the test.

In all the members, the maximum value of the bending moment for numerical analysis
occurs near the boundary between the crushed stone and the dense sand layer. Although the
value greatly exceeds the total plastic moment, it is necessary to be aware that the observation
motion of the test is larger than the target.
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