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Abstract

We investigated the control performance of the large-scale shaking table at National Research Institute for Earth Science
and Disaster Prevention, with a wide velocity range (0.9-900 mm/s) including quasi-static movement. We measured
three-dimensional displacements of the shaking table by laser displacement sensors. The measurements revealed that
the shaking table rises by 0.361 mm at maximum before the start of shaking, which was caused by the pressurization
of main- and sub-oil-pressure systems for preparation of shaking. The rotation of the shaking table around a point at
the west of southern edge of table was observed as a solid body during the pressurization of main-oil-pressure system
after the completion of sub system pressurization. Horizontal displacement caused by the rotation attained to 1.442 mm
at maximum. The maximum horizontal displacement in the direction perpendicular to the shaking direction was equal
to 0.477 mm during the shaking. The displacements during the shaking tend to increase with increasing the shaking
velocity. Maximum difference between the input displacement signal and the measured displacement along the shaking
direction reached 6.932 mm. These measurement data will help us conduct the experiment of rock friction with large-
scale samples using this shaking table.
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1
Table 1 Specification of the shaking table.
Elements Specification
Table size 145mx15m

Driving system
Power supply

Table control method
Shaking direction
Excitation force

Max. loading capacity
Max. displacement
Max. velocity

Max. acceleration
Frequency range

Excitation wave

Hydraulic servo control

Hydraulic pump system

Displacement control

Horizontal (one dimension)

3600 kN (900 kN x 4)

500t

+220 mm

1 m/s

5 m/s? (500 t), 9.4 m/s? (less than 200 t)
DC - 50 Hz

Sinusoidal, Random, Earthquake wave

1989

23 4

28 3

1970

Dieterich, 1972, 1978,

1979; Ruina, 1983; Marone, 1998

~um/s

~m/s

Tsutsumi and Shimamoto, 1997; Di Toro et al., 2004, 2011;
Hirose and Shimamoto, 2005; Mizoguchi et al., 2007; Reches

and Lockner, 2010
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Ohnaka et al., 1986; Ohnaka and Kuwahara, 1990

Dieterich 1981

Okubo and Dieterich 1981, 1984 1.5m
0.4 m 2
Dieterich 1981
~1 mm/s
~1,000 mm/s
2.
2
KEYENCE LK-G150, MICRO-EPSILON ILD-1700-50
2
LK-G150 =+ 40 mm
=4+ 220 mm



2
Table 2 Specifications of the laser displacement sensors.

Specifications
Elements
KEYENCE LK-G150 MICRO-EPSILON ILD-1700-50
Measurement range 150 + 40 mm 70 £ 25 mm
Resolution 0.5 um* 2 ym
Effective sampling frequency 500 Hz 625 Hz
(Sampling frequency) (2 kHz) (2.5 kHz)
(Averaging) (4 times) (4 times)

* The value when measuring the standard target 4,096 times average at the reference distance.

(a) (b)

Top view

Crane hook

Laser displacement
sensor

1 a 10° b
¢ LOC4 d
Fig. 1 (a) Schematic design of stainless target of the laser displacement sensor. The target has a face inclined at 10 degrees from the
side face. (b) Schematic diagram of displacement measurements using the stainless target. (¢c) Photograph of measurement of
vertical displacement at LOC4. (d) Photograph of measurement of vertical displacement using the crane hook as a target.
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Fig. 2 Locations of displacement measurements on the

shaking table. East, North and Up directions are
labeled as X, Y and Z, respectively. The shaking
table moves along the X axis. The dashed line
represents the edge of the main body of the shaking
table. Outside of the area, steel plates are overhung
surrounding the edge of the shaking table and thus
there is no support below this region.
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Table 3 Descriptions of inputted waveform of displacement.

7-9
3 3.1 3.2
2
1
900 mm/s
900 mm/s
900 mm/s
Yoffe Tinti et al., 2005
Yoffe Yoffe 1951
1
Tinti et al. 2005
Fukuyama and Mizoguchi, 2010
7:=0.6 s
w=14s VI 2
Dc
Dc
LOC1-3 7-9

No. Velocity wave form Maximum velocity,  Displacement,

mm/s mm

Step 0.9 200

Step 9 200

1 Step 90 200

v Step 90 400

Yoffe 900 400

VI Yoffe 900 400
2

LOCI1-
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Fig. 3.1 Input displacement waveforms. The details are listed in Table 3.
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Fig. 3.2 Velocity waveforms acquired by differentiating the input displacement waveforms with time.
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X displacement, mm

X displacement, mm

Y V4 4

Table 4 Estimated inclinations of target at measurement

locations.
Location Azimuth, degree Dip, degree
200 mm 0.05 Hz LOC1 0.0510 0.0482
4 LOC2 0.0290 -0.0487
LOC3 -0.8419 0.1777
Y 7 LOC4 -0.6506 -0.0448
LOCS -0.0911 -0.0703
LOC6 -0.4030 0.0068
1 3.
3.1
2 XY Z
4 5 6
LOC4-6 Z
1
2 3
4 5 XY Z 1.224 0.638
0.361 mm X Y
1 Z
1 2
LOC7 LOCS8 LOC9
1.5 1.5 1.5
1.0 1.0 1.0
05 ¢ 05 * 05 ¢
0 0 0
-0.5 -0.5 -0.5
-1.0 -1.0 v e -1.0
-1.5 -1.5 -1.5
100 200 300 400 500 0 200 400 600 0 50 100 150 200 250
Time, s Time, s Time, s
LOC1 LOC2 LOC3
1.5 1.5 1.5
1.0 1.0 1.0

0.5 0.5 0.5
0 * P ) ¢ p 0 ¢_./-w—’~

s v

05 -0.5 -0.5
-1.0 -1.0 -1.0
-1.5 -1.5 -1.5
0 50 100 150 200 250 0 50 100 150 200 250 0 100 200 300
Time, s Time, s Time, s
4 LOCI-3 79 X

Fig. 4 X displacement at LOC 1-3 and 7-9 accompanying the pressurization of main- and sub-oil-pressure system. The arrows
indicate the timing when the pressurizations of the sub-oil-pressure system were finished.
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Fig.5 Y displacement at LOC 1-3 and 7-9 accompanying the pressurization of main- and sub-oil-pressure system.

The meaning of the arrow is same as Fig. 4.
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Z displacement, mm Z displacement, mm

Z displacement, mm
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Fig. 6 Z displacement at LOC 1-9 accompanying the pressurization of main- and sub-oil-pressure system.

The meaning of the arrow is same as Fig. 4.
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Fig. 7 Differences between input X displacements and measured X displacements as a function of input X
displacement for different input signals I-VI (Fig. 3) at LOC1-3 and 7-9.
5 X X

Table 5 Standard and maximum deviations of the differences between input and measured X displacements during the shaking.

Deviation of X displacement, mm

Wave form
LOCI LOC2 LOC3 LOC7 LOCS LOC9

Standard deviation 2.079 0.482 0.104 0.320 0.286 0.343

' Maximum deviation -6.856 -1.579 0.781 -1.393 -1.025 -1.338

Standard deviation 2.668 0.611 0.193 0.421 0.361 0.425

! Maximum deviation -6.932 -1.603 0.686 -1.332 -1.238 -1.359
Standard deviation 3.087 0.778 0.453 0.536 0.461 0.640

M Maximum deviation -6.922 -2.052 -1.718 -1.368 -1.333 2.042
Standard deviation 3.642 1.041 0.773 0.441 0.630 0.977

' Maximum deviation -6.750 -2.050 2.427 -1.026 -1.222 -2.439
Standard deviation 3.744 1.124 0.944 0.461 0.711 1.135

Y Maximum deviation -6.627 -2.891 -3.647 3.167 -1.828 -2.928
Standard deviation 3.743 1.127 0.909 0.501 0.767 1.126

Y1 Maximum deviation -6.667 -5.757 -6.153 -6.294 -6.787 5.144

1
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6 Y
Table 6 Standard and maximum deviations of Y displacements during the shaking.

Deviation of Y displacement, mm

Wave form
LOCI LOC2 LOC3 LOC7 LOC8 LOC9

Standard deviation 0.029 0.009 0.041 0.013 0.014 0.043

: Maximum deviation -0.146 -0.045 0.186 0.100 0.049 0.176

Standard deviation 0.034 0.013 0.049 0.020 0.016 0.054

1 Maximum deviation -0.103 -0.052 -0.122 0.081 0.045 0.134
Standard deviation 0.038 0.016 0.035 0.025 0.015 0.052

M Maximum deviation -0.093 -0.055 -0.090 0.082 0.035 0.109
Standard deviation 0.030 0.021 0.054 0.034 0.017 0.061

Y Maximum deviation -0.071 -0.073 -0.177 0.137 -0.048 -0.204
Standard deviation 0.031 0.025 0.063 0.043 0.017 0.054

V' Maximum deviation 0.220 -0.107 -0.477 0.302 -0.092 -0.444
Standard deviation 0.031 0.024 0.057 0.041 0.017 0.053

Y1 Maximum deviation 0.194 -0.102 -0.427 0.274 -0.094 -0.381

7 z
Table 7 Standard and maximum deviations of Z displacements during the shaking.
Deviation of Z displacement, mm
Wave form
LOCI LOC2 LOC3 LOC7 LOCS8 LOC9

Standard deviation 0.029 0.007 0.017 0.009 0.007 0.010

: Maximum deviation 0.144 0.059 0.077 0.048 -0.030 0.078

Standard deviation 0.056 0.011 0.021 0.014 0.005 0.009

! Maximum deviation -0.138 0.030 0.055 0.047 -0.024 0.064
Standard deviation 0.036 0.009 0.016 0.013 0.007 0.013

" Maximum deviation 0.081 0.032 0.031 -0.045 -0.022 0.045
Standard deviation 0.026 0.009 0.015 0.014 0.010 0.023

™' Maximum deviation 0.088 0.029 0.044 0.051 -0.030 0.078
Standard deviation 0.019 0.008 0.022 0.019 0.010 0.022

V' Maximum deviation 0.105 -0.051 -0.195 -0.116 -0.029 0.197
Standard deviation 0.019 0.008 0.021 0.018 0.008 0.018

Y Maximum deviation 0.059 -0.053 -0.190 -0.107 -0.028 0.185
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Fig. 10 Distribution of the displacements of the shaking table caused by the pressurization of sub-oil-pressure
system. Horizontal displacements are denoted by arrows. Vertical displacements are denoted by color
map. Solid squares represent the locations of displacement measurement.
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Fig. 11 Distribution of the displacements caused by the pressurization of main-oil-pressure system. Open
arrows represent the estimated horizontal displacements under the assumption that the shaking table
moves as a solid body. Open circle represents the estimated center of rotation. The meanings of other
symbols are the same as in Fig. 10.
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