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Evaluation of seepage behaviour for deformed levee after earthquake

L'évaluation de le comportement d’infiltration pour la digue fluviale déformée aprés le séisme

Yasuhiro lkami, Ryosuke Uzuoka, Katsutoshi Ueno
Department of Civil and Environmental Engineering, Tokushima University, Japan, c501441005@tokushima-u.ac.jp

ABSTRACT: The seismic limit of a deformed river levee has to date, according to the relevant Japanese standards, been assessed by
comparing the crest settlement and the normal high water level. However, the seepage performance of a deformed levee ought to be
evaluated not only by crest settlement but also by the overall behaviour of a deformed levee because a levee deformed by an earthquake
has many cracks and there are various deformity configurations. In this study, we investigate the seepage behaviour of deformed levees
after ground shaking by using centrifugal model tests in order to evaluate the performance of a deformed levee under plural external
forces such as an earthquake and high water. The results of the experiments showed that the flux through levees deformed by ground
shaking was larger than that through a levee that had not been deformed by shaking during high water, and progressive seepage failures
were observed near the cracks on the levee slope after shaking.

RESUME : L’état limite de la digue fluviale déformée par le séisme a 6té évalué avec la comparaison entre sa hauteur affaissée et les
hautes eaux normales selon le critére japonais. Cependant, nous devons envisager les performances d’infiltration de la digue fluviale
entiére, parce celle-ci a beaucoup de fissures apres le tremblement de terre et que sa configuration est variée. Dans cette étude, a supposer
qu’existent plusieurs forces externes comme le tremblement de terre et les hautes eaux, nous avons examiné le comportement des
infiltrations de la digue déformée, avec les essais en centrifugeuse sur modele réduit, pour évaluer ses performances d’infiltration sur la
montée de ’eau apres le tremblement. En conséquence, pendant les hautes eaux, le flux au trevers de la digue déformée avec un
tremblement était plus que celui au trevers de la digue non-déformée sans tremblement, et nous avons confirmé, a cause des fissures sur
la pente, la défaillance progressive de la digue par infiltration.
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1 INTRODUCTION with the internal dimensions of 375mm long, 175mm wide and

200mm deep. In this study, we focused on deformation and see-

The 2011 off the Pacific coast of Tohoku earthquake caused
extensive damages of river and coast levees, roads and railway
embankments in Tohoku and Kanto regions (Oka et al. 2012,
Sasaki et al. 2012). Particularly, coast and river levees greatly
caught the influence of external force by tsunami as well as
earthquake (Koshimura et al. 2014, Sugano et al. 2014). These
combined effects of different external forces on these structures
such as tsunami after earthquake have been pointed out (JGS
2009); however the combined effects have not been clearly
understood. And there were few studies on seepage and
overtopping behaviour of damaged levees after earthquake
against tsunami and rainfall. In seismic performance design in
Japan, seismic limit state of deformed river levee has been
assessed with comparing the crest settlement and normal high
water with Japanese standard (MLIT 2016). However, seepage
performance of deformed levee should be evaluated by not only
the crest settlement but also the whole behaviour of deformed
levee because the deformed levee after earthquake has many
cracks and the deformed configuration is various. In this study,
we investigated seepage behaviour of deformed levees after
shaking by using centrifugal model tests and seepage flow
analyses in order to evaluate performance of deformed levee
under plural external forces such as earthquake and high water.

2 CENTRIFUGAL MODEL TESTS

The centrifugal acceleration was 25g in all experimental cases.
This chapter describes the model preparation, test procedures
and measurement items in model tests. The dimensions of
model in this chapter are expressed in model scale.

2.1 Model preparation

Figure 1 shows the model configuration. A foundation ground,
liquefiable part and embankment were built in a rigid container

page behaviour of embankment only, so the foundation ground
was built of rigid mortars witch was impermeability. A shape of
the liquefiable part was reversely trapezoidal form (the depth of
liquefiable part was 20mm, see Figure 1) considering of
liquefaction at the bottom of embankment (Sasaki et al. 1993,
Kaneko et al. 1995, Finn and Sasaki 1997). The soils used in
embankment and liquefiable part were mixed sand of Toyoura
sand (Gs=2.656, Uc=1.48) and Keisha No.7 (Gs=2.695,
Uc=1.74). The weight ratio of Toyoura sand and Keisha No.7
was 8: 2. First, the dry mixed sand of the liquefiable part was
pluviated in air. The target relative density of liquefiable part
was 50%. Second, the embankment was compacted with the
target degree of compaction of 80% ( pa=1.29g/m?). The initial
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Figure 1. Model configuration.
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moisture content of embankment was 13.0%. The dimensions
of embankment were 30mm wide at the crest, 65mm high and
290mm wide at the bottom. The inclination of slope was 1:2.
Table 1 shows test cases including test code and initial
conditions. Test code N is a model test without shaking. Test
code M is model tests with shaking. The target of relative
density at liquefiable part and the degree of compaction at
embankment in each test case were set to be the same value,
however, they varied slightly. Pore fluid water in the model
tests was 25cst methylcellulose considering similitude law.

2.2 Test procedures

The procedures in model tests were divided into three processes
in centrifugal force field. Each process is described in detail as
follows.

After the centrifugal acceleration was increased in 25g, we
supplied pore water from the inlet and made the liquefiable part
saturate in order to reproduce liquefaction in the liquefiable part.
Water level was kept at the height of Smm from ground surface
by visual observation and values of pore water pressure (CH04
- CHO8). The water level was adjusted by solenoid valve and air
regulator which was set nearby water storage tank. After
confirming that pore water pressure became the predetermined
value, the water level was drained from inlets at both sides of
container. In the cases of M-1 and M-2, the time duration of
shaking was 1.5sec. The target frequency was 17Hz.

Seepage tests were conducted in all cases. In the case of N-1
without shaking, after confirming the water level existed on
ground surface, we raised water level gradually from the river
side (see Figure 1). In the cases of M-1 and M-2, after the
excess pore water pressure dissipated at 300sec after shaking,
we raised the water level gradually. Figure 2 shows the time
histories of level at river side in seepage tests. The rate of water
level rise was 0.083mm/sec, and the final water level at river
side was 40mm from ground surface at 480sec. Subsequently,
the high water level was kept in 600sec.

2.3 Measurement items

We measured the crest settlement, excess pore water pressure at
the liquefiable part and input acceleration during shaking tests,
and we did water level at river side, drainage volume at land
side and water level in the embankment during seepage tests.
Input acceleration was measured with acceleration transducer
(CHO1) which was set on the side of a rigid container (see
Figure 1). Pore water pressure cells (CH04 - CHO8) were set at
the bottom of liquefiable part to measure excess pore water
pressure during shaking tests and water level in embankment
during seepage tests. Vertical displacement transducer was set
perpendicularly at the top of embankment to measure the crest
settlement of embankment. Pore water pressure cell (CH10)
was set near the inlet to measure water level at river side, and
one (CHI18) was set in the water storage tank to measure
drainage volume.

3  EXPERIMENTAL RESULTS

Results of shaking and seepage tests are presented here. The
results of acceleration, settlement, seepage amount and time are
expressed in prototype scale.

3.1 Shaking tests

The results of test cases with shaking, M-1 and M-2, are shown
here. Figure 3 shows the side view after shaking in the case of
M-1. The shaking induced lateral deformation near the toe of
embankment slope. Figure 4 shows the time histories of input
acceleration at CHO1 and crest settlement at CH09. Table 2

shows the crest settlement after shaking and average input
acceleration multiplied with the number of waves. The average
input acceleration is calculated as the average of absolute peak
values of input acceleration wave. The results show that larger

Table 1. Test conditions.

Test Relative density of Degree of compaction

No. code liquefiable part (%) of embankment (%)
1 N-1 48.4 78.6
2 M-1 50.3 79.6
3 M-2 46.3 80.2
CH10
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Figure 2. Time histories of water level at river side in seepage

tests.

Figure 3. Side view after shaking in the case of M-1.

CHOI

tn

Y (WH AAMMARAA o~
I RN

0 ) 10 ) 20 ) 30 ) 10

.,
5]
¥

Acceleration
, (m/s7)
T

CHO9

— M-1
M-2

Crest settlement
(m)

0 10 20 30 40
Time (s)

Figure 4. Time histories of input acceleration and crest settle

ment.

Table 2. Crest settlement after shaking and average input
acceleration multiplied with the number of waves

Test code M-1 M-2

Crest settlement (m) 0.263 0.178

Average input acceleration
291 X25=72.8 2.76X25=69.0

x number of waves (m/s?)
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Figure 5. Deformation of eban-k-r-nénf slope at land side after seepage test.

average input acceleration multiplied with the number of waves
caused larger crest settlement. Although the same input
conditions are set in the cases of M-1 and M-2, the average
input accelerations and crest settlement of M-1 was larger than
that of M-2. It is possible that this difference was due to
conditioning of shaking mechanism.

3.2 Seepage tests

Figure 5 shows the condition at land side of embankment slope
after seepage tests. The toe of embankment slope is located at
the bottom of picture. Major failure was not observed and some
fine particles were flowed out of embankment in case of N-1.
On the other hand, larger failure was observed at the toe of
slope in cases of M-1 and M-2. It is possible that strength at the
toe of slope decreased because of cracks and lateral flow at the
toe of slope with shaking, and localized seepage failure
occurred at the weaken part. Figure 6 shows the time histories
of seepage amount from the land side calculated with measured
water pressure at CHI18. The water level calculated with
measured water pressure at CH10 in the case of M-1 is also
depicted in Figure 6. Before about 300 minutes the seepage
amounts of cases with shaking were almost same or smaller
than that of case N-1 without shaking. In the cases of M-1 and
M-2, the seepage amounts became larger than that of case N-1
after about 300 minutes. Table 3 shows the seepage flow rates
of all cases from 400 minutes to 450 minutes before the end of
seepage tests. The seepage flow rates of the cases of M-1 and
M-2 were larger than that of N-1. It is possible that the failure
during seepage caused larger flow rate through embankment.

4 SEEPAGE ANALYSES

This chapter describes numerical conditions and numerical
results. In this seepage analyses, the basic equations are derived
based on porous media theory at finite strain (Uzuoka and Borja
2012). The results of seepage amount and time are expressed in
prototype scale.

4 .1 Numerical conditions

The two-dimensional finite element models in Figure 7 are
made from deformed model before seepage and after seepage in
the case of M-1 based on model scale of centrifuge test. Table 4
and Figure 8 show the material parameters and the soils water
characteristics curves (SWCC) of embankment respectively.
The permeability coefficients were determined from
permeability tests with the same materials. The SWCC was
calibrated to reproduce the moisture distribution in the
embankment before shaking. The measured total water head
was applied along the left surface of embankment and the
switching boundary was assumed along the right surface of
embankment. The switching boundary became impermeable
boundary during negative pore water pressure while it became
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Figure 6. Time histories of seepage amount from the land side
calculated with measured water pressure.

Table 3. Seepage flow rates of all cases from 400 minutes to 450
minutes before the end of seepage tests.

Test code N-1 M-1 M-2

Crest settlement (m) - 0.263 0.178

Seepage flow rate (m*/min) 0.0093 0.0186 0.0168
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Figure 7. Two-dimensional finite element models from deformed
shape before seepage and after seepage in the case of M-1.

zero pore water pressure fixed boundary during positive
pressure. The air pressure is fixed on the embankment surface.

4 .2 Numerical results

Figure 9 shows the time histories of seepage amount from the
land side. The numerical results overestimated the measured
results in the cases of N-1 and M-1. In comparison with N-1
and M-1 with the deformed model before seepage, the
calculated seepage amounts are similar. However; the
calculated seepage amount with deformed model after seepage
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was slightly larger than that before seepage in the case of M-1.
This is due to the change in hydraulic gradient, and it is
possible that the configuration change of embankment by
seepage flow influenced seepage amount from the land side. We
need further investigations on the effect of seepage behaviour of
larger deformed model by shaking.

5 CONCLUSION

We investigated seepage behaviour of deformed levees after
shaking by using centrifugal model tests and seepage flow
analyses in order to evaluate performance of deformed levee
under plural external forces such as earthquake and high water.
At first sandy levee model was shaken by prescribed
acceleration in a centrifugal field, and the seismic deformation
of the levee were measured. Second the water level was raised
up to reproduce seepage of the levee, and the flux through the
levee on the land side was measured to evaluate seepage
performance. In addition, we simulated the seepage behaviour
of embankment with numerical analyses. As the result, the
followings are obtained.

1) In model tests, major failure was not observed and some fine
particles were flowed out of embankment in the cases of N-1
without shaking. In the cases of M-1 and M-2 with moderate
deformation after shaking, localized failure from the cracks
during seepage was observed at some portions along the land
side of embankment slope. The seepage flow rates under high
water in the cases were larger than that in N-1 without shaking.

2) In seepage analyses, the calculated seepage amounts are
similar in N-1 and M-1 with the deformed model before
seepage. However; the calculated seepage amount with
deformed model after seepage was slightly larger than that
before seepage in the case of M-1.
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Table 4. Material parameters.

N-1 M-2
Soil density Ps (g/cm?) 2.569
Initial porosity 110 Embankment 0.479 0.501
Liquefiable 0433 0431
part
Permeability Embankment 2.16
coefficient & )
(x 1073 m/s) Liquefiable 375
part
Lame modulus 4, 2898.0
Lame modulus #p 1111.0
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Figure 8. Soils water characteristics curves (SWCC).

CH10, CH18
= LOOF  Water level (M-1) ’."""-""” Y / 5.0
— & o
= 4.0 F
© 0.75 B,
£ &
g 13.0U2
= 0.50 <
2 oz
L { 32
§ 0.25 |_[]‘?‘
= )
B ‘-‘-v\J
0,00+ 0.0
0 100 200 300 400 500

Time (min)

MN-1
o Model test
- Analysis with the deformed model before seepage
M-1
o Model test
mimi - Analysis with the deformed model before seepage

mms Analysis with the deformed model after seepage

Figure 9. Time histories of seepage amount from the land side.
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