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ABSTRACT: The aim of this study is to investigate the dynamic behavior of cohesive soil
dams under water storage and non-storage conditions. Dynamic centrifuge model tests of
storage and non-storage dams using a new material named as Edosaki sand were conducted.
Centrifuge model tests were conducted in 60g of centrifugal force field and the input excitation
motion was sine wave with maximum acceleration of 5m/s®. Effective stress FE analysis were
also conducted to compare with the results of centrifugal model tests. The comparisons
between results of storage and non-storage dams obtained from centrifuge model tests and
numerical analysis will be discussed and presented in the paper.

1 INTRODUCTION

The 2011 off the Pacific coast of Tohoku earthquake caused damage to many geotechnical
structures such as road embankment, irrigation dam, etc. Since most of old irrigation dams
(about 200,000 dams) in Japan had been constructed before the establishment of aseismic
design standard, some of the dams were damaged during the great earthquake.

Many researchers have predicted that the next great earthquake such as Nankai Trough
earthquake will be occurred in Japan, thus it is needed to develop some methods to evaluate
the seismic performance and countermeasure method for those dams. In practice, a method
named as Newmark-D method was proposed to evaluate the seismic performance for several
irrigation dams in Japan (Ueno et al. 2014, Tatsuoka at al. 2014). However, measured data
of damaged irrigation dams during earthquake or dynamic centrifugal data are rarely
investigated.

To investigate an aseismic countermeasure method for several old irrigation dams in Japan
for the next great earthquake, it is necessary to investigate an appropriate method to evaluate
the seismic performance of the dams.

The authors tried to investigate the appropriate methods for evaluating the seismic perform-
ance of the dams by conducting experimental and analytical studies (Sreng et al. 2016, Sato
et al. 2016, Fukuda et al. 2017), and found that the results of centrifuge model tests of silica
sand ground (cohesionless soil) were well simulated by the effective stress analysis proposed
by Iai et al. 1992, and Oka el al. 1991.

The aim of this study is to investigate the dynamic behavior of cohesive soil dams under
water storage and non-storage conditions.

Thus, two cases of dynamic centrifuge model tests of storage and non-storage dams using a
new material named as Edosaki sand and their numerical simulations were conducted. The
centrifuge model tests were conducted in 60g of centrifugal force field and the input excitation
motion was sine wave with frequency of 1.5Hz. However, the authors are also planning to
conduct the centrifuge model tests by using the input measured earthquake motion (random
wave). Effective stress FE analysis of the centrifuge model tests using 3DLIQCA were also
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conducted to compare with the tests results. A related study using these experimental results
to compare with the analysis results using the Newmark-D method are presented by Ishikawa
et al. (2019).

2 CENTRIFUGE MODEL TEST

2.1 Test apparatus

Centrifuge model tests were carried out under centrifugal force field of 60g. The centrifugal
model test system used in this study was a balanced beam type apparatus with 2.6m of effect-
ive radius which belongs to the Research and Development center of Nippon Koei Co. Ltd.,
Japan as shown in Photo 1. A shaking table as shown in Photo 2 was used in this study. The
specifications of the shaking table are shown in Table 1.

2.2 Model preparation and measurements

The material used in the tests was Edosaki sand (mountain sand) which was obtained from
mountain in Ibaraki prefecture, Japan. Figure 1 shows the grain size distribution curve, while
Tables 2, 3, and 4 show physical properties, compaction test results, and results of consoli-
dated drained triaxial compression test of the material, respectively.

Table 5 shows test cases and Figures 2a, b shows the outline of the centrifuge model test.
The tests were conducted under 60g of centrifugal force field.

Photo 1.  Centrifuge of Nippon Koei.

Photo 2. Shaking table
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Table 1. Specifications of shaking table.

Item Specification
Shaking Control System Electro-hydraulic
Servo Control
Max. Centrifugal Acceleration 100 g
Max. Shaking Acceleration 25G
Max. Payload 250 kg
Max. Displacement +3.0 mm
Frequency Range 10 — 400 Hz
Max Velocity 40 cm/s
Table 3. Compaction test results of Edo- Table 2. Physical properties of the material.
saki sand, Physical properties Edosaki sand
Maximum dry density, pgmax (g/cm’)  1.66 : —
Optimum water content, W, (%) 18.0 Max1murr} grain size, Dinax (mm) 2.0
Mean grain size, D5, (mm) 0.245
Uniformity coefficient, U, 9.40
Table 4. Consolidated-drained triaxial Coefficient of curvature, U’ 3.60
compression test results. F.me fraqtlon content (%) 14.6
Silt fraction (%) 7.6
Degree of compaction Dc (%) 90 Clay fraction (%) 7.0
Dry density, pq (g/cm?) 1.494 Coarse sand fraction (%) 33
Water content (%) 18.0 Medium sand fraction (%) 19.5
Cobhesion, c, (kN/m?) 5.15 Fine sand fraction (%) 62.6
Friction angle (deg.) 33.72 Density of soil particles, p (g/cm?) 2.684
100 rr— .
—_ [ = Table 5. Test cases and conditions.
L g0 | ~o-Edosaki sand d
‘;’D [ f Test  Water storage Common
£ 60 cases condition specification
?‘ 40 Casel Non-storage  Height of
§ 20 dam dam:18m
aq? o Lol w*»{rﬂ" Case2 Storage dame Ipput wave 20
0 sine wavs, 1.5Hz
0.001 0.01 0.1 1 10 (water level
Grain size (mm) 13.5m)

Figure 1. Grain size distribution curve of Edosaki
sand.

The procedures for preparing the model dams are described as follows. Firstly, model dam
with degree of compaction of 90% and optimum water content of 18% was prepared and com-
pacted in a rigid soil container. Colored sand layers with 3mm of thickness and target markers
were installed in the model to observe the deformation of dams after the shaking tests.

A methylcellulose solution (metolose) fluid with kinematic viscosity of 60 mm?/s was used
as a substituted pore fluid in the storage of water.

In the model tests, the input excitation motion of sine wave (20 waves) with frequency of
1.5Hz and maximum acceleration of 5m/s” (prototype scale) was applied.

Figures 3 and 4 show water level and seepage line inside dam obtained from 60g test before
shaking, respectively. 13.5m of water level was controlled in constant condition. However,
seepage line was smaller than the target seepage line due to the dissipation of pore pressure
was not finished.
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Figure 2. Outline of centrifuge model tests.
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Figure 4. Seepage line (Case2).

3 TEST RESULTS

3.1 Response acceleration and settlement

Figures 5a-f show the comparisons of response acceleration between Casel and Case2. It
shows that the response acceleration on the base and inside dam obtained from Casel is larger
than that of Case2. This is due to the difference in the storage condition of the dams.

Figure 6 show the comparison of the relationship between maximum response acceleration
and height of dam. It shows that the maximum acceleration of Casel is larger than that of
Case2. Figure 7 show the comparison of relationships between settlement and time. It shows
that due to the response acceleration of Casel is larger than that Case2, settlement of Casel is
also larger than Case?2.
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3.2 Deformation mechanism

Photos 3, 4 show deformed photos of dams after shaking tests obtained from Casel and
Case2. It is shown that in Casel, slip lines in upstream and downstream of non-storage dam
were clearly observed. In Case2, large deformation zone was observed, however slip line was
not clearly occurred.

Figures 8, 9 show the deformation sketches of both dams after shaking tests in Casel and
Case2, respectively. It shows that slip lines in upstream and downstream occurred for Casel
(non-storage dam). For Case2 (storage dam) large deformation zone in upstream and down-
stream are occurred, however slip line were not clearly observed.

4 NUMERICAL SIMULATION
In order to simulate the test results numerically, 3D version of LIQCA (Oka et al. 1991) was

used. LIQCA3D is a fully coupled FEM for liquefaction analysis. Two cases of numerical
simulation are carried out to simulate the centrifuge model tests.

-

Photo 3. Deformation of dam after shaking (Casel, Non-storage dam).

7 (a) Front view

Photo 4. Deformation of dam after shaking (Case2, Storage dam).

4.1  Analysis model and boundary condition

Figures 10, 11 show the analysis models and boundary conditions of Casel and Case2, respect-
ively. The centrifuge model tests can be considered as 2D problem; however, 3D analysis was
carried out in this study to simulate the same scale as model tests. Scale in the analysis model
was converted into prototype scale to simulate the centrifuge model tests. Height of dam is 18m,
water level in upstream was 13.5m and seepage line was applied as shown in Figure 11.

4.2 Analysis Parameters and input excitation motion

Soil parameters used in the analysis are summarized in Tables 6 and 7. These parameters were
determined from soil laboratories tests such as tests for physical properties, triaxial compres-
sion test (CU bar), and cyclic untrained triaxial test on soils. Input parameters for cyclic
elasto-plastic model was determined by simulation utility for laboratory test. The constitutive
models used for each material are shown in Figures 10 and 11.
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Figure 8. Deformation sketch of target markers before and after shaking test (Casel)

Figure 12 shows the input excitation motion for numerical simulations, which is the
response acceleration of the base obtained from the tests.
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Figure 10. Model for Casel. Figure 11. Model for Case2.

Table 6. Input parameters for cyclic elasto-plastic model.

s s

P €o A K GO/O-’}nO k/yw M m MA/' K/’
1.95 0.837 0.018 0.0055 989.0 8.51x10-" 0.87 1.172 2x10°
B*O B*I C/‘ Cd OCR* D*O n yp*, yE*,.
2000 50 0. 2000 1.0 6.5 5.0 0.008 0.010
Table 7. Input parameters for elastic-perfectly plastic model.
Young’s Modulus, E, Poisson Density, p (g/  Internal friction angle, ¢’ Cohesion, ¢ (kN/
(kNIn??) ratio, v cm?® (rad) m?)
316865 0.333 1.76 0.618 0.18
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Figure 12. Input excitation motion for numerical simulations.

5 Comparisons of Tests and Analysis Results

Figures 13a, b present the comparisons of response acceleration inside dam obtained from
tests and analysis results of Casel and Case2, respectively. For Casel, waveform characteristic
of response accelerations obtained from analysis are not symmetric and the maximum acceler-
ation are much larger than that of tests results. This might be due to the soil parameters used
in LIQCA are obtained from laboratory tests of saturated soils which could not accurately
simulate the unsaturated soil of the non-storage dam. Thus, for future study, the parameters
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and the analysis model for unsaturated soil should be investigated. For Case2, maximum
accelerations of analysis are larger than that of test results. However, the validity of compari-
sons between tests and analysis results of Case2 are higher than that of Casel.

Figures 14a, b show the comparisons of settlement of dam obtained from tests and analysis
results of Casel and Case2. It shows that settlement of analysis result of Case2 agrees well
with that of the centrifuge model test. However, the settlement of Casel obtained from ana-

lysis is smaller than that of test results.
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Comparison of deformation between tests and analysis (Casel).



Storage dam
£ FE analysis

13.5m| —~

/
~— 18
)

X

Dashed line: Before shakiﬁg, Solid l‘ulu' After shaking
(a) Test (storage dam) (b) Analysis (storage dam)

" Black line: Before As'hakmAg; Red line: After shaking

Figure 16. Comparison of deformation between tests and analysis (Case2).

Figures 15, 16 show the comparisons of deformation of dams between tests and analysis
results obtained from Casel and Case2, respectively. For Casel (Figures 15a, b), test result
presents slip line occurred in both slopes, while the analysis result show large deformation on
the bottom part of the dam. For Case2 (Figures 16a, b), the test result shows large deform-
ation zone occurred on upstream and downstream, while the deformation obtained from ana-
lysis is concentrated on upstream of the dam. Large deformation in upstream is due to the
occurrence of liquefaction phenomenon in upstream caused by the increase of pore water pres-
sure during shaking.

6 CONCLUDING REMARKS

Two cases (storage and non-storage dam) of dynamic centrifuge model tests of irrigation
dams and their numerical analysis were carried out.
Results of centrifuge model tests and numerical analysis are summarized as follow.

1. The important fundamental data of dynamic behavior of the dams were obtained from cen-
trifuge model tests and their numerical analysis.

2. By comparing the tests results of non-storage and storage dams, it shows that response
acceleration and settlement of non-storage dam are larger than that of storage dam.
Deformation of the non-storage dam after shaking shows slip line occurred on both slopes.
Deformation of the storage dam presents large deformation zone occurred on upstream
and downstream, however slip line was not clearly observed.

3. An effective stress analysis program using cyclic elasto-plastic model called LIQCA3D
was used to simulate the centrifuge model tests. In general, the experimental results
of the storage dam were well simulated by the numerical analysis using the LIQCA
program. However, the response accelerations of non-storage dam obtained from
numerical analysis were quite larger than that of test results. For future study, labora-
tories tests and constitutive model of unsaturated soils should be investigated to solve
this problem.

4. In this study, the non-storage condition was also investigated to clarify the dynamic behav-
ior of dam. However, the irrigation dam is for water storage, therefore, the dam is always
in storage condition. The analysis results of storage dam compare well with test results.
This result showed the possibility of using the analysis program LIQCA3D to evaluate the
seismic behavior of irrigation dams.

5. For future study, more experiments and their numerical analysis by changing the boundary
conditions and applying the measured earthquake motion should be conducted for investi-
gating an appropriate method to evaluate the seismic performance of the dams.
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