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A Large Biaxial Shear Box for Shaking Table Test
on Saturated Sand

ABSTRACT: A large flexible laminar shear box was developed for the study of the behavior of saturated sand, especially liquefaction, and
soil-structure interactions under two-dimensional earthquake shaking on a shaking table at the National Center for Research on Earthquake Engi-
neering �NCREE� in Taiwan. The shear box is composed of 15 layers of aluminum alloy inner and outer frames with a specimen size of 1880 by 1880
by 1520 mm. The soil at various depths inside the shear box can move, without torsion, according to the two-dimensional wave action induced by the
shaking table. The sand specimen inside the shear box is prepared by the wet sedimentation method from a large pluviation device. Instruments are
installed to measure the displacements, accelerations, and water pressures at various locations. Shaking table tests of the laminar shear box with and
without a sand specimen were conducted. The test results showed that the performance of the biaxial laminar box and the instrumentation are
satisfactory.
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Introduction

The soil in a level ground of an infinite extent under earthquake
shaking is usually modeled as a soil element undergoing a simple
shear loading condition. In order to study the soil behaviors, such as
strain-stress relationship and liquefaction, small soil specimens
were tested in the laboratory using triaxial compression apparatus,
simple shear devices, and torsional shear apparatus under regular or
irregular dynamic loads. In these types of tests, the stress condi-
tions and deformations in the soil elements are significantly af-
fected by the boundary conditions, and the loading conditions are
generally not the true field situations due to the limitations of the
loading devices and the size of specimens. Therefore, large soil
specimens have been placed on shaking tables that can reproduce
the actual seismic ground shaking according to the earthquake re-
cording under either 1 g or centrifugal conditions �e.g., De Alba et
al. 1976; Hushmand et al. 1988; Taylor et al. 1995�. Thus, the soil
behaviors under the more realistic seismic loading conditions can
be observed and analyzed.

At present, most studies of seismic soil behaviors, such as liq-
uefaction, are tested and modeled under one-dimensional shaking,
i.e., the loading and soil responses, such as displacements and ac-
celerations, are in the direction of one axis in the horizontal plane.
The understanding of the soil behaviors under two- and three-
dimensional seismic loading conditions is very limited. For the
two-dimensional shaking discussed in this paper, the loading and
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soil responses can be in any direction in the horizontal plane of two
�X and Y� axes, and they also change with time. This becomes a
multidirectional problem. Pyke et al. �1975� studied the settlement
of dry sand under two-dimensional shaking by testing a
76-mm layer of dry sand on a shaking table. They found that the
volumetric strain of sands under two-dimensional loading is equal
to the sum of the individual volumetric strain in a one-dimensional
test. Ishihara and Yamazaki �1980� and Ishihara and Nagase �1988�
conducted multidirectional simple shear tests on saturated sand
specimens of 70 mm in diameter and 30 mm in height. The results
showed that the liquefaction resistance in specimens under multidi-
rectional loading with equal amplitudes in two perpendicular direc-
tions decreased to at most 60 % of the liquefaction resistance under
one-directional loading of the same cyclic stress ratio. In the case of
actual irregular seismic loading, the liquefaction resistance reduced
to about 85 % of that in unidirectional loading. Kammerer et al.
�2002� performed multidirectional simple shear tests on a medium
to high relative density, saturated sand, 150 mm in diameter, and
19 mm in height in a bidirectional simple shear device. They found
that the shear strains resulting from the multidirectional loading
can be much larger than those estimated based on one-dimensional
testing; however, larger shear stresses do not always lead to larger
strains.

Until recently, only very limited results were reported by Endo
and Komanobe �1995� on a multidirectional shaking table test of a
large sand specimen �1200 mm in diameter, 1400 mm in height�
using a laminar cylindrical shear container. They found that the
sand exhibited less dilatancy and can liquefy easier under the cir-
cular rotational shaking than under one-directional shaking. The
performance of the shear container and the motion responses in-
duced by the two-dimensional shaking were not discussed. No
other large-scale physical model test under two-dimensional load-
ing, either on a 1 g shaking table or in a centrifuge, was reported.
Therefore, for a better understanding and to provide the data for
verification of the analyses and modeling of soil responses under
two-dimensional earthquake loading, a large-scale biaxial shear
box on a shaking table has been developed at the National Center
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simulate the in situ multidirectional earthquake shaking on soils.

Biaxial Laminar Shear Box

Design Considerations

A soil layer under a level ground surface is usually in a K0 condi-
tion, while, during an earthquake, the soil at different depths may
move differently in the horizontal plane following the upward shear
wave propagation. To provide such flexible but unyielding side
boundaries as in the field, laminar simple shear boxes composed of
layers of frames are commonly used in the tests. For horizontal two-
dimensional earthquake shaking, every layer of the frames should
be able to move freely in every direction, i.e., multidirectionally, in
a horizontal �X-Y� plane that follows the movement of the soil in
the container. This can be accomplished if the frames are allowed to
move biaxially in both X and Y axes simultaneously.

To allow biaxial motions, the laminar shear box requires a spe-
cial mechanism design. Firstly, the center of mass of every layer of
soil and frame is unlikely at the geometrical center of the horizontal
cross section. Secondly, the centers of mass of different layers will
not be aligned on the same vertical line, particularly when there are
shear deformations. Therefore, the inertia force due to shaking will
then produce some torque on every layer of soil about a vertical

FIG. 1—Schematic drawings
FIG. 2—Picture of the empty laminar shear box.
axis due to the eccentricity of the mass center. Without adequate
restraints, this would introduce torsional motions of the soil, which
in turn cause different shear stress and strain conditions at different
locations on the same horizontal plane. The interpretation and
analysis of the test results thus become very complicated and inac-
curate. Therefore, not only should the shear box provide free move-
ments in multiple directions but also it must ensure non-torsional
motion of the soil specimen during shaking.

Assembly of the Laminar Box

The laminar shear box developed at NCREE is composed of 15
layers of sliding frames as schematically shown in Fig. 1. Each
layer consists of two nested frames, an inner frame with inside di-
mensions of 1880 by 1880 mm and an outer frame with inside di-
mensions of 1940 mm by 2340 mm. Both frames are made of a
special aluminum alloy �specific gravity=2.70� with 30 mm in
thickness and 80 mm in height, except the uppermost layer which

e biaxial laminar shear box.
of th
FIG. 3—Pluviator for specimen preparation.
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has a height of 100 mm. The aluminum alloy is adopted for its suf-
ficient strength and rigidity to provide unyielding boundaries, and
for its light weight to minimize the effect of inertia of the frame on
the soil movements. These 15 layers of frames are separately sup-
ported on the surrounding rigid steel walls, one above the other,
with a vertical gap of 20 mm between the adjacent layers. The 20
-mm gap is provided to avoid rupture of the rubber membrane in-
side the box during a large relative deformation between layers.
This gap was considered narrow enough to prevent the membrane
from excessive bulging and the sideward expansion of soil. Thus, a
sand specimen of 1880 mm by 1880 mm by 1520 mm can be
placed inside the inner frames. The mass of each layer of frames is
about 14 % of the mass of a 100-mm layer of soil enclosed by the
inner frame.

Linear guideways consisting of sliding rails and bearing blocks
are used to allow an almost frictionless horizontal movement with-
out vertical motions. Each outer frame is supported by the sliding
rails mounted on two opposite sides of the outer rigid walls. The

FIG. 4—Specimen preparation with the pluviator.
FIG. 5—P-wave velocities of the sand specimen after preparation.
bearing blocks on the outer frame allow its movement in the X di-
rection with minimal friction. Similarly, sliding rails are also pro-
vided for each outer frame to support the inner frame of the same
layer so that the inner frame can move in the Y direction with re-
spect to the outer frame, which is moving in the X direction at the
same time. With these 15 nested layers of inner and outer frames
supported independently on the rigid walls, the soil at each depth
can move in a multidirectional fashion in the horizontal plane with-
out torsion in response to the wave actions induced by the shaking
table. The key advantage of this design is that the movement of each
layer of the frames is independent of that of other layers of frames
at different depths. The effects of friction and inertia of the frames
will not accumulate along the depth of the laminar box and large
relative motion between layers of different depths is possible. A
maximum displacement of ±150 mm is allowed for each layer in
both X and Y directions. The final design and manufacturing were
completed in cooperation with Mechanical Industry Research
Laboratories at Industrial Technology Research Institute, Hsinchu,
Taiwan. Figure 2 shows a picture of the completed laminar shear
box.

Provisions for a Watertight Box

A 2-mm-thick silicone rubber membrane was placed inside the box
to provide a watertight shear box to contain the saturated soil. The
silicone rubber membrane was fixed at the top and bottom of the
shear box. A silicone sealant was applied at the seams to prevent

TABLE 1—Properties of Vietnam sand.

Shape Gs D50 �mm� Cu emax emin

Subangular 2.65 0.30 1.72 0.912 0.610

FIG. 6—Density of the sand specimen after preparation.
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leakage. An approximately 50-mm-thick layer of pea gravel is
placed at the bottom of the box with a layer of geotextile at the top
and bottom of the gravel. There are sixteen 50-mm-diameter holes
for the intake and drainage of water.

Sand Specimen Preparation

Preparation methods for a large dry sand specimen, such as the
raining method, to control its uniformity and density have been re-

FIG. 7—Locations of in

FIG. 8—Locations of piezometers and accelerometers inside the specimen.
ported by many researchers, e.g., Rad and Tumay �1985� and Fretti
et al. �1995�. However, very little information is available for pre-
paring large saturated specimens to obtain a desired uniformity,
density, and saturation. In this study, a special pluviator was de-
signed for preparing the sand specimen inside the shear box by the
raining method. The pluviator, as shown in Fig. 3, is composed of
the following:

• A container for the needed volume of sand ��7 Mg in mass�
to fill the shear box. The bottom of the container is perforated
with 40-mm-diameter holes, 140 mm center to center.

• A motor-driven perforated plate, which is exchangeable for
various hole diameters ranging from 15 to 40 mm to control
the rate of pluviation and in turn the density of the specimen.
At first, the container is shut with dislocated hole positions
between the movable plate and the bottom of the container.
The plate is then moved to match the hole locations to let the
sand rain down through the holes.

• A diffuser comprised of four layers of the No. 4 sieves with a
spacing of 70 mm to obtain a uniform deposit over the cross
section of the shear box during pluviation. The direction of

entation on the frames.

FIG. 9—Frame movements in the horizontal plane under two-dimensional
strum
shaking.
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the sieve wires of each layer changes by 45° from that of the
next layer.

Commercially available fine silica sand from Vietnam was used
in this study for the convenience of obtaining a large quantity and
good gradation control of the sand. The basic properties of this sand
are given in Table 1. It was found that saturation of a specimen by
introducing water into the dry sand was very difficult and unreli-
able according to an experiment using a smaller glass container
�500 by 230 by 350 mm� under an acrylic pluviator �500 by 230 by
350 mm� with a similar perforated plate and diffuser. The wet sedi-
mentation method was thus adopted for the specimen preparation
in this study. The dry sand was rained down into the laminar box
filled with water to a precalculated depth as shown in Fig. 4. The
saturation of the specimen prepared by this method was verified by
measuring the P-wave velocity across the specimen horizontally at
different depths. A small steel ball hit the sand specimen at the
20-mm gaps between the frames and the arrival times of the P-wave
were measured using the accelerometers close to the hitting point
and across the specimen. Figure 5 shows the results of P-wave ve-
locity measurements at two vertical sections of the sand specimen.
It can be seen that the sand was well saturated with P-wave veloci-
ties between 1500 and 1700 m/s at various depths �including the
water above the sand surface� but not at the sand surface, probably

FIG. 10—Displacements at two different locations on frames 10 and 13 during
a shaking test.

FIG. 11—Comparison of frame motions measured by an accelerometer and

LDT.
because of minor unevenness of the surface and traces of air
bubbles.

Cone penetration tests �CPT� using a miniature cone with a di-
ameter of 8.9 mm at different locations were attempted to check the
uniformity and density. However, correlation between the tip resis-
tance and the sand density was not established owing to the insuf-
ficiency of test data and erratic results for very loose sand at shal-
low depths of low overburden pressures. No meaningful CPT result
was obtained for a sand specimen right after pluviation. Further
evaluations are underway of the use of the miniature CPT on the
denser sand specimen after shaking tests.

In order to directly measure the density and uniformity of large
sand specimens, short thin-walled tube samples ��150 mm in
length and 73 mm in diameter� were taken at various locations and
depths inside the shear box. These thin-walled tubes were pushed
into the sand at various elevations during excavation of the sand
from the shear box, and the samples were taken by carefully remov-
ing the surrounding soil. Figure 6 shows the densities of the sand
specimen at different depths immediately after specimen prepara-
tion. It can be seen that uniformity of the sand density was very
good by the preparation method used in this study.

The densities of the sand are approximately 1410 and
1490 kg/m3 for the specimens prepared using the plate hole sizes
of 15 and 40 mm, respectively. The plate with 15-mm-diameter
holes was used the most in this study. During the shaking table
tests, the density of the sand specimen increased after each shaking

FIG. 12—Measured acceleration and pore pressure changes at 0.80 m below
the sand surface under a shaking of Amax=0.05 g, January 2003.
as discussed later in this paper.
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Instrumentation

On the Frames of the Laminar Box

Transducers for displacement and acceleration measurements were
placed at various locations and depths on the outside rigid walls,
the outer frames for X-direction motions, and the inner frames for
Y-direction motions. Displacement of the frames can be measured
using magnetostriction-type linear displacement transducers
�LDT� even when there are some movements perpendicular to the
direction of the measuring displacements. Four velocity transduc-
ers are also placed on the outside walls to measure the velocities of
the box for comparison purposes. Figure 7 shows the layout of the
instrumentation on the shear box.

Within the Soil Specimen

Miniature piezometers �6.4 mm in diameter and 11.4 mm in
length� with a ceramic filter are installed inside the box for pore
water pressure measurements at different locations and depths. In
addition, small-sized piezoresistive accelerometers of 7.9 mm
�hex� by 10.9 mm �length� are also placed for measuring the accel-
erations at various locations within the soil in both X and Y direc-
tions. These transducers are positioned with thin fishing lines be-
fore placing the sand into the shear box. These fishing lines were
cut prior to the shaking tests. Preliminary measurements are taken

FIG. 13—Measured acceleration and pore pressure changes at 0.80 m below
the sand surface under a shaking of Amax=0.075 g, January 2003.
and checked for the piezometers at different depths below the water
surface after they are underwater for at least 3 days to ensure the
proper functioning of these transducers. Figure 8 shows the loca-
tions of the piezometers and accelerometers within the soil speci-
men. It should be noted that these sensors would settle along with
the sand inside the box under shaking. Thus the positions of the
sensors were checked prior to every shaking test by water pressure
readings, which in turn were converted to the depths below the
water surface.

Shaking Table Tests

After completion of the shear box, the empty box, with and without
filling of water, was placed on the shaking table at NCREE and test
runs were conducted under both one- and two-dimensional shak-
ings �1-D and 2-D, respectively�. The force required to overcome
the static friction before the movement of the frames ranges from
40 to 120 N, which is relatively small compared to the weight of a
100-mm saturated soil layer within the frame that is around
8000 N.

A series of shaking table tests have been conducted on the sand
specimen in the biaxial laminar shear box since August 2002. Vari-
ous one- and two-dimensional input motions were imposed by the
shaking table. The input motions included sinusoidal �2 and 4 Hz�
accelerations, with amplitudes �Amax� from 0.03 to 0.15 g in the X
or Y direction, or both. In the two-dimensional shaking, there is a
90° phase difference between the input acceleration in both X andY
directions, i.e., a circular or ellipse motion was applied. The accel-
eration, with full and reduced amplitudes �recorded at Yuan-Lin
and She-Tou seismograph stations in Chi-Chi Earthquake�, was

FIG. 14—Pore water pressure changes during 1-D and 2-D shaking, January
2003.
also imposed in X andY directions. For example, Table 2 shows the
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test sequence of the shaking table tests conducted in January 2003.
The instrumentation installed on the frames and within the sand
specimen recorded the displacements, accelerations, and pore
water pressure changes during the shaking tests. The performance
of this biaxial laminar shear box is evaluated as follows.

Frame Movements

Figure 9 shows the plan view of the biaxial movements of the inner
frames, which contain the soil specimen, at various depths during a
two-dimensional shaking test. It indicates that the multidirectional
movements of the soil at different depths induced by the shaking
can be realized using the biaxial laminar box.

The rotations of the frames during the shaking tests were exam-
ined in every test and it was found that there was very little rotation
with less than 0.15° of rotating angle under the largest shaking. Fig-
ure 10 shows the displacements of two different locations on the
same inner and outer frames under a two-dimensional horizontal
shaking. The movements of the right and left sides of the same
frame in both X and Y directions are essentially identical, i.e., little
rotation of these frames occurred during the test as required by the
design.

The consistency of measurements of the frame movements by
the accelerometers and LDT was also checked by comparing the
double differential of the displacements measured by LDT �with a
10-Hz filter� and the accelerations measured on the same frame.
Figure 11 shows one of the comparisons on frame No. 9 in the Janu-

TABLE 2—Input motions and settlem

Shake No.

X direction Y direction

Frequency
�Hz�

Amax

�g�
Frequency

�Hz�
Ama

�g�

Pre-shaking

1 �1-D� 2 0.03

2 �1-D� 2 0.05

3 �1-D� 2 0.07

4 �1-D� 2 0.1

5 �2-D� 2 0.05 2 0.05

6 �2-D� 2 0.075 2 0.07

7 �2-D� 2 0.1 2 0.1

8 �2-D� 2 0.1 4 0.1

9 �2-D� 2 0.15 2 0.10

10 �2-D� 2 0.15 2 0.15

11 �2-D� Chi-Chi Earthquake, She-Tou, PGA=0.20
FIG. 15—Laminar shear box on the shaking table.
ary 2003 shaking test. It depicts that both measurements gave con-
sistent results of the frame movements. Therefore, the measure-
ments by these sensors are compatible and can be used together for
the analyses of soil responses under shaking.

Soil Responses

Accelerations measured by the accelerometers within the soil and
those on the frames during the shaking tests are compared in order
to evaluate the consistency between these two measurements. The
acceleration time histories within the soil and those of the inner
frame at the same depth ��0.80 m below the sand surface� and
pore water pressure changes near the accelerometer within the soil
during a Y-direction sinusoidal shaking with amplitudes of Amax

=0.05 g and Amax=0.075 g are shown in Figs. 12 and 13, respec-
tively. Figure 12 indicates that the induced acceleration within the
soil and that of the frame were identical when no liquefaction oc-
curred under the shaking of Amax=0.05 g. Figure 13 shows that the
induced acceleration within the soil and that of the frame were the
same before liquefaction, whereas the accelerations measured
within the soil decreased substantially after liquefaction while
those on the frame became irregular with spikes. Such behavior
might be due to the sudden loss of stiffness of the soil when lique-
faction occurred. These results indicate that we can use the mea-
sured accelerations either within or on the frames of the laminar
box to analyze the induced motions during the shaking tests prior to
liquefaction. It is not certain whether the measured movements can

n the shaking tests, January 2003.

Duration
s

Height of Sand
After Shaking

�m�

Dry Density
After Shaking

�kg/m3�
Dr
�%�

1.393 1411 11.1

10 1.393 1411 11.1

10 1.381 1424 16.8

10 1.355 1451 28.4

10 1.333 1476 38.5

10 1.316 1495 46.3

10 1.299 1515 54.1

10 1.281 1537 62.3

10 1.268 1553 68.6

10 1.252 1574 75.9

10 1.239 1590 81.6

1.209 1630 95.5
ents i

x

5

5

g

FIG. 16—Settlement measurements during a shaking test.
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represent the real motions of the soil after liquefaction because the
sensors might be decoupled from the soil at this stage.

Pore Water Pressure Changes

The water pressure reading of each piezometer was taken before
every shaking test to verify the depth of the sensor for later calcu-
lations. A comparison of pore water pressure changes at two differ-
ent depths in the sand specimen during one- and two-dimensional
sinusoidal shakings of the same maximum accelerations is given in
Fig. 14. The results show that the pore water pressure generation
during a two-dimensional shaking, even with a slightly higher sand
density, is higher than that during a one-dimensional shaking. The
general trends of pore water pressure changes are similar to those
obtained in the shaking tests by others, e.g., Van Laak et al. �1994�.

Settlements and Density Changes of the Specimen

The sand surface settled, i.e., the density of sand increased during
each shaking and the amounts of settlement increased with the in-
tensity of shaking as expected, especially when there was liquefac-
tion of the sand. The height of the sand surface after each shaking
was measured manually at 16 different locations and the settlement
of the sand surface can be calculated. Table 2 also shows the aver-
age dry density after each shaking test calculated according to the
height of the sand specimen in the shaking tests, January 2003. The
surface settlements at the time of shakings can be observed using a
settlement plate connected with the magnetostriction type LDT.
The laminar shear box containing the sand specimen with the
settlement plates is shown in Fig. 15. Figure 16 is an example of the
settlement measurements during a shaking test without liquefac-
tion of the sand. Soil samples were also taken using short thin-
walled tubes at different depths after the completion of a series of
shaking tests and the densities of these samples were obtained.

Conclusions

A large biaxial laminar shear box was developed for shaking table
tests on saturated sand under one- and two-dimensional shakings.
The shear box is composed of 15 layers of aluminum alloy frames
with a specimen size of 1880 by 1880 by 1520 mm. The soil inside
the frame at every depth of the laminar box can have a multidirec-
tional movement, without torsion, in the horizontal plane during a
shaking test. A specially designed pluviator was used to prepare the
sand specimen inside the shear box by the wet sedimentation
method. The uniformity and saturation of the specimen were evalu-
ated and found satisfactory according to the thin-walled tube sam-
pling and P-wave velocity measurements. The shaking table tests of
the laminar shear box with or without the sand specimen demon-
strated that the performance of the biaxial laminar box fulfills the
design requirements. The instrumentation installed within the soil
and on the frames could also obtain reliable measurements of the
soil movements and pore water pressures during shaking tests.
Analyses of some of the shaking table test results have been pre-
sented elsewhere �e.g., Ueng et al. 2004� and further tests are un-
derway to obtain more databases for theoretical and numerical
analyses of ground responses, liquefaction, and soil-structure inter-

action under earthquake shakings.
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