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ABSTRACT: In this study a simple evaluation method called New-mark D method was
used to verify the dynamic centrifuge model tests of storage and non-storage dams. Param-
eters used in the New-mark D method are generally determined from cyclic triaxial compres-
sion tests and monotonous loading tests in saturated condition, however parameters for the
unsaturated part of embankment could not determine from cyclic triaxial compression test.
The authors have developed a cyclic direct shear test apparatus for both saturated and unsat-
urated soil and found that the results obtained from saturated soil are coincided well with the
results of cyclic triaxial compression tests. In this study, a series of cyclic direct shear tests and
monotonous loading tests of Edosaki sand in saturated and unsaturated condition was con-
ducted to determine the parameters for the New-mark D method. Comparisons between the
results of analytical and centrifugal model tests, discussion on the use of New-mark D method
to evaluate the irrigation dams are presented in the paper.

1 INTRODUCTION

The 2011 earthquake off the Pacific coast of Tohoku caused damage to embankments and
irrigation dams. Of the 200,000 irrigation dams in Japan, most were designed and constructed
before the aseismic design standards were developed. In the future, similar seismic activity
associated with earthquakes may hit the areas in and around Tokai, Tonankai, or Nankai.
Thus, earthquake-resistance verification technology for irrigation dams must be developed as
a countermeasure against such calamities. One such viable earthquake-resistance verification
method, i.e., the New-Mark D method, is already in use.
The New-Mark D method considers the degradation of material strength due to cyclic load-

ing to calculate the slippage or embankment displacement. In this analysis, the effect of cyclic
loading on monotonic shear strength is evaluated; the cyclic degradation characteristics are
determined using a cyclic triaxial tester. However, this method can be applied only up to
“double amplitude of axial strain, DA” = 10% due to its mechanism; therefore, the direct
shear test was used in this study.
The cyclic triaxial test was originally developed based on the double-stress-amplitude cyclic

loading test method (CU) using the triaxial tester proposed by Seed et al. (1966). Subsequently,
several testing methods were developed, such as cyclic direct shear test and cyclic torsion (or
ring) shear test. Unperturbed samples collected during a survey are generally used as test sam-
ples. However, soils that require liquefaction analysis typically include sand and silt as promin-
ent layers and turbulent structures are formed during sample collection or specimen formation.
The test methods, including the cyclic triaxial test, are theoretically excellent; however, these
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methods are complex and can be easily influenced by disorders in the samples. Thus, a large
number of samples are required to conduct adequate tests, thereby reducing the test accuracy.
Mikasa et al. (1967) conducted the first liquefaction test (CU) using a direct shear tester. Direct
shear testing requires a small number of samples, and the disorder of the samples can be cor-
rected during reconsolidation; thus, these samples are less affected by disorders. Thereafter,
Oshima et al. (1998) automated the direct shear tester and simplified the test to reduce complex-
ity and solve the problem of friction between the sample and the side of the specimen box
(Oshima et al. 1996). Furthermore, Ishikawa et al. (2009) succeeded in improving the test preci-
sion. However, other commonly recognized problems of the tester, such as the amount and dir-
ection of the main stress applied to the specimen still remain unclear; sufficient number of
liquefaction tests has not been conducted to claim its accuracy. The basic structure of the tester
was developed herein based on the ideas proposed by Oshima et al. (1998); however, we
improved the direct shear tester, which is typically used in low- and medium-stress zones
wherein liquefaction occurs. For the strength measured via direct shear tests, the results agreed
between ϕ′ obtained via the fixed-volume direct shear test and ϕCD obtained via the triaxial CD
test using Toyoura sand. Consistent results were obtained for triaxial test results. Herein, “cyclic
direct shear tests” were conducted for low-stress zones and the strength degradation characteris-
tics were obtained at high strain levels. Moreover, the strength degradation characteristics of
Edosaki sand after cyclic shear tests under saturated and unsaturated conditions were examined
using the direct shear tester. The slippage of a slipping dam during an earthquake was calculated
using the New-Mark D method by applying the test results of the direct shear test; these results
were compared with those from the centrifuge model experiment.

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. 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
Table 2, 3, and 4 show physical properties, compaction test results, and results of consolidated
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.
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

Table 1. Specifications of shaking table.

Item Specification

Shaking Control System Electro-hydraulic

Servo Control

Max. Centrifugal Acceleration 100g

Max. Shaking Acceleration 25G

Max. Payload 250kg

Max. Displacement ±3.0mm

Frequency Range 10 – 400Hz

Max Velocity 40cm/s
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compacted 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 60mm2/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/s2 (prototype scale) was applied.

Table 2. Physical properties of the material.

Physical properties Edosaki sand

Maximum grain size, Dmax (mm) 2.0

Mean grain size, D50 (mm) 0.245

Uniformity coefficient, Uc 9.40

Coefficient of curvature, Uc’ 3.60

Fine fraction content (%) 14.6

Silt fraction (%) 7.6

Clay fraction (%) 7.0

Coarse sand fraction (%) 3.3

Medium sand fraction (%) 19.5

Fine sand fraction (%) 62.6

Density of soil particles, 2.684

ρs (g/cm
3)

Figure 1. Grain size distribution curve of

Edosaki sand.

Table 3. Compaction test results of Edosaki

sand.

Maximum dry density, ρdmax (g/cm3) 1.66

Optimum water content, Wopt (%) 18.0

Table 5. Test cases and conditions.

Test
cases

Water storage
condition

Common
specification

Case1 Non-storage dam Height of dam:18m

Case2 Storage dame Input wave: 20 sine

(water level 13.5m)

Table 4. Consolidated-drained triaxial com-

pression test results.

Degree of compaction Dc (%) 90

Dry density, ρd (g/cm
3) 1.494

Water content (%) 18.0

Cohesion, c, (kN/m2) 5.15

Friction angle (deg.) 33.72

Figure 2. Outline of centrifuge model tests.
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Figure 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.

3 OUTLINE OF THE NEWLY DEVELOPED DIRECT SHEAR APPARATUS
AND TEST PROCEDURE

Figure 5 schematizes the structure of the tester, wherein ① denotes the shear box comprising
upper and lower parts. The upper shear box is attached to the upper load meter via a linear
slide bearing such that it can be positioned on the upper reaction board. With this structure,
the correct vertical stress (σn) that does not include the weight of the upper loading plate is
measured with the load meter ③ (③ is moved to the upper load meter.) The lower shear box is
connected to the vertical rod fixed to the lower loading plate, the adjunct load meter (⑧), and
the torque motor for controlling the change in volume. The liquefaction test (CU conditions)
was performed by fixing the rod to the axis stopper (⑦) after the consolidation of the specimen
to maintain the fixed-volume state. The applied shear force was controlled by the torque
motor (②) and measured by the load meter connected to the shaft (④). Considering the wave-
form of a real earthquake, the shear wave was assumed to be a triangular wave. Table 6 shows
the physical properties of the samples.
Commonly, liquefaction is verified at DA = 5% in the cyclic triaxial test. It is also necessary

for the direct shear test to define “liquefaction displacement (Dδ)” that is equivalent of this
standard. According to the “two-dimensional direct shear test” results (Figure 6), the shear
zone can be observed when the height of the shear strain zone is 0.25–0.45L. Referring to this
result, the displacement Dδ was obtained. Taking the relationship between the axial strain ε1

Figure 3. Water level (Case2). Figure 4. Seepage line (Case2).

Table 6. Main sample properties

Maximum particle diameter Dmax (mm) 2. 0

50% particle diameter D50 (mm) 0.245

Uniformity coefficient Uc 9.40

Fine particle fraction Fc (%) 14.6

Soil particle density ρs (g/cm
3) 2.684

Maximum dry density ρdmax (g/cm
3) 1.66

Optimum water content wopt (%) 18.0

Figure 5. Developed DS apparatus
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and the shear strain, γxy = ±3.75% was obtained for DA = 5%. Then, assuming the specimen
diameter D = 60mm, specimen height H = 20mm, and shear zone H = 20mm, the liquefaction
displacement on one side was set as Δd and the displacement of both side was set as Dδ; then,
the following relationship was obtained:

1H ¼ 20 mmð¼ 0:33LÞ ! 2� Δd=H ¼ �0:0375

! 3Δdl ¼ �0:75 mm ! 4Ddelta ¼ 1:5 mm
ð1Þ

The cyclic shear test was conducted using the direct shear test; the result that was virtually
equivalent of the liquefaction strength obtained from the triaxial test. Moreover, as shown in
Figure 7, a shear load was applied after a cyclic shear stress was applied until DA = 1%, 3%,
5%, or 7% was obtained; the strength degradation characteristics that accompany the increase
in both amplitudes (DA) were examined.

4 ANALYSIS

4.1 Analysis conditions

Figure 8 shows the analytical model (soil layer category), and the material number in the red
square shows the soil layer whose strength characteristics were degraded by a cyclic load
during storaging. Table 7 provides a list of analysis constants for the New-Mark D method.
Figures 9 and 10 show the fragility curves modeled from the cyclic direct shear test results; the
accumulated damage are calculated from the stress waves (σx, σy, and τxy) obtained via the
earthquake response analysis. Figure 11 shows the model of strength degradation characteris-
tics of the dam material against both amplitude axial strain (DA) based on the “cyclic loading

Figure 6. Development of a shear band
Figure 7. Strength degradation characteristic test

Figure 8. Model

Table 7. Analysis constants

Material
No

Soil Layer
Name:
Edosaki
Sand

Unit
mass
weight γt
(kN/m3)

Peak
internal fric-
tion angle
ϕpeak (°)

Peak
adhesive
force cpeak
(kPa)

1 Unsaturated

(CU

Strength)

17.27 28.27 29.84

2 Saturated

(CU

Strength)

19.13 15.50 26.31

3 Unsaturated

(CD

Strength)

17.27 35.40 1.00
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Figure 9. Accumulated fragility curve model (Saturated)

Figure 10. Accumulated fragility curve model (Unsaturated)

Figure 11. Strength degradation characteristic model

Table 8. Analysis cases

Analysis
case Water level Analysis method

Case1-1 Non-storage

dam

New-Mark D method

Case1-2 Non-storage

dam

New-Mark method

(common method)

Case2 Storage dam New-Mark D method
Figure 12. Input acceleration
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and monotonic loading test results” of the direct shear test. Figure 12 shows the input acceler-
ation. Table 8 shows the analysis cases.

4.2 Analysis results

Figure 13 shows the results of the earthquake response calculation, agreeing well with the
result of the centrifuge model experiment. Figure 14 shows the result when it was not storage.
From the analysis in Case 1–1, the slippage was 0 and the deformation of the sliding arc was
not detected in the centrifuge model experiment. Case 1–2 shows the result of the common
New-Mark method that does not consider strength degradation. Thus, the sliding arc from
the analysis generally agreed with the portion of the centrifuge model experiment where
deformation was conspicuous. In the experiment and analysis, the top of the embankment
started sinking from ~4 s after the process started. When the excitation was stopped at 15 s in
the experiment, the top of the embankment sank about 2.6m; the sinking was 2.6 times deeper
in the analysis. As the deformation results of the analysis and the model experiment mostly
agreed in every case, the result of the direct shear test is considered accurate. Figure 15 shows
the result of the case of storage (Case 2), where the sliding arc, which showed the largest dis-
placement among the sliding arcs across the entire embankment surface, agreed with the por-
tion of the centrifuge model experiment where deformation was conspicuous. In experiment
and analysis, the top of the embankment started sinking at ~4sec after the process started.
When the excitation stopped at 15sec in the experiment, the top of the embankment sank
~1m; the sinking was two times deeper in the analysis and continued to increase after the exci-
tation was stopped. Conversely, the experimental results show that sinking stops when the
excitation stops.

Figure 13. Earthquake response analysis result

Figure 14. New-Mark D method result (Non-storage dam)
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5 CONCLUSION

The New-Mark D method was used to perform slippage analysis for determining the strength
degradation characteristics with developed direct shear apparatus. The observed sinking was
larger in the analysis than in the centrifuge model experiment. But the deformation mode of
the dam is consistent with the analysis results obtained using the New-Mark D method.
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