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Observations from recent earthquakes have emphasised the need for a better understanding of the effects of structure-footing-soil
interaction on the response of structures. In order to incorporate the influences of soil, a laminar box can be used to contain the soil
during experiments. The laminar box simulates field boundary conditions by allowing the soil to shear during shake table tests. A
holistic response of a structure and supporting soil can thus be obtained by placing a model structure on the surface of the soil in the
laminar box. This work reveals the response of structure with SFSI under mainshock and aftershock earthquake sequences. A large
(2 m by 2 m) laminar box, capable of simulating the behaviour of both dry and saturated soils, was constructed. A model structure
was placed on dry sand in the laminar box. The setup was excited by a sequence of earthquake excitations. The first excitation
was used to obtain the response of the model on sand under the mainshock of an earthquake. The second and third excitations
represented the first and second aftershocks, respectively.

1. Introduction
During an earthquake, the movement of soil causes movement of structures and this structural response, in turn,
influences the movement of soil. This structure-footingsoil interaction (SFSI) can cause the seismic response of a
structure to be different from that of an identical structure
with an idealised fixed base assumption. This process may
also cause the response of the soil to be different from
what would be measured under free-field conditions, that is,
without the structure. Observations from recent earthquakes,
including those from the 2010-2011 Canterbury earthquakes,
have identified a significant influence that the behaviour of
soil can have on the overall seismic performance of structures.
By carrying out experiments, a more realistic simulation
of the structural response with SFSI can be achieved. This
not only allows researchers to understand the effects of SFSI
but also it enables validation and improvement of numerical
models. An early contribution to the understanding of SFSI
was the presented example by Taylor et al. [1], where cyclic
displacements were applied to a number of model footings
seated on clay and sand. The results suggested that the soil

beneath the footing can be intentionally designed to deform
beyond the elastic limit in strong earthquakes. This nonlinear
soil behaviour can activate rigid body movements of the
structure. As a consequent, a development of plastic hinge
in the structure could be avoided. As discussed by Veletsos
and Meek [2], the flexible ground can act as a damper by
absorbing a large part of the vibration energy arising from
earthquakes and thus can reduce the seismic response of
a structure. Larkin [3] also concluded that the flexibility
of the supporting soil can lengthen the vibration period of
the structure-footing-soil system and result in a variation of
structural response when compared to those obtained from
analyses without considering SFSI.
On the other hand, the deformation of soil under footing
rotation can sometimes result in the temporary uplift of
footings. Deng et al. [4, 5] conducted centrifuge tests on
single-degree-of-freedom (SDOF) bridge structures of various footing sizes, and Algie et al. [6] carried out dynamic
field tests on a rocking shallow footing. The results of these
investigations emphasised that footing uplift and nonlinear
soil behaviour should be taken into consideration in seismic
design. Recently, the effects of uplift on the response of liquid
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storage tanks structures and nuclear plants have also been
studied [7–11]. Qin et al. [12] studied the influence of footing
uplift on the induced vibration of secondary structures. It
was reported that footing uplift can not only reduce the
response of structures but also reduce the induced vibrations
of secondary structures. Larkin et al. [13] studied the response
of structure considering adjacent structures.
Experimental simulation of the structural response with
uplift on soil support depends on the correct replication
of soil response during earthquakes. This can be achieved
throughout the use of a laminar box. Laminar boxes are
designed to simulate soil deformation conditions in situ and
thus allow the soil to undergo shear deformation during
a shake table test. Some of the characteristics that make
laminar box tests preferable to other experimental methods,
for example, field tests, are as follows [14]:
(i) The ability to simulate boundary conditions of soil in
situ
(ii) The capacity to test soil specimens that are larger
than the typical small-scale laboratory experiments
like triaxial test
(iii) Being able to explore the behaviour of soils in nonuniform, layered, and sloping sites
(iv) The ability to reproduce the seismic response of
structure and soil as one holistic system
Researchers have designed various types of laminar boxes
in the past. A very simple laminar box was utilised by Latha
and Krishna [15] in their study. This small box was rectangular
in plan with internal dimensions of 0.5 m × 1 m × 0.8 m. The
box consisted of 15 laminar layers, constructed from pieces
of hollow aluminium rectangular sections. The layers were
separated by linear roller bearings to minimise friction. A
more complicated laminar box was described by Ueng et
al. [16]. This box was designed to undergo two-dimensional
shaking and hence was called a biaxial laminar box. The box
was rectangular in plan and had internal dimensions of 1.88 m
× 1.88 m × 1.52 m. It was made up of 15 horizontal layers and
had a special sliding system which allowed movements in
the horizontal plane. The layers were supported by a rigid
steel structure which surrounded the entire box. The inside of
this biaxial box was sealed with a 2 mm thick silicone rubber
membrane which allowed for the testing of both dry and wet
soils.
Study of structural response with SFSI focuses on the
effect of the mainshock of the earthquake. Although the
consequence of aftershock has been reported after many
earthquake events, the structural response with SFSI in the
aftershock event has not been studied. In this study, which is
a part of the doctoral thesis of Qin [14], a laminar box large
in horizontal areal extent was constructed. A SDOF model
placed on sand in the box was considered. The responses
of the model under the mainshock and aftershocks of an
earthquake were compared.

Excitation

Figure 1: The laminar box on the shake table.

2. Design of Large Laminar Box
A laminar box should accommodate the movement of soil
and neither resists nor promotes soil displacement. The
design of the large laminar box involved identification and
consideration of the issues important to the performance of
the box. These included inertia, friction, membrane effects,
and boundary/corner effects [17]. The inertia of a heavy
container can alter the movement of soil within the container
that the soil-container system no longer simulates the soil
movements in free-field condition. To minimise this effect,
the laminar layers should be of relatively low mass [16]. In
view of this, a lightweight material had to be chosen for the
laminar layers. To ensure that the box would not resist soil
movements, a sliding system had to be developed to allow the
layers to move with as little frictional resistance as possible.
Since the laminar box will also be used to test saturated soils
to study the effect of soil liquefaction, a waterproof membrane
was used. It had to be designed of sufficiently high flexibility
to avoid any influence on the response of the soil [17].
The boundary effects are typically localised along the
edges of the box. At the centre of the soil mass, the effects
are usually not significant at the centre. Thus, the laminar
box was designed with a large surface area to ensure that a
suitable volume of soil at the centre of the overall mass would
remain unaffected by boundary/corner effects. Other factors
such as the availability of materials, cost, and ease of construction/repair were also considered during the design process.
Active earth pressures [18, 19] were computed assuming that
the entire box was filled with saturated soil. All components
of the box were then designed to withstand the predicted
loading. The final assembly of the large laminar box is shown
in Figure 1. This box will be placed on a shake table and
excited along its longitudinal axis. The final part of the design
involved evaluating the structural integrity of all components
of the box.
The laminar box has internal dimensions of 2 m × 2 m ×
2 m. Each laminar layer can move horizontally, in the direction of the excitation, up to 175 mm. The soil inside the box
can undergo a maximum shear strain of approximately 9%,
which is enough to simulate the in site epicentral displacement of soil under a large earthquake event. The box consists
of three major components, that is, the base including barrier
columns, the stack of laminar layers, and the membrane.
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Figure 2: Details of the base and barrier columns.

2.1. Base and Barriers. The details of the base are shown in
Figure 2. The base has internal dimensions of 2 m × 2 m ×
0.235 m and is made of 10 mm steel plate. Steel I-sections
(200UB22.3) are welded horizontally on the transverse sides
of the base. Three columns are welded onto the I-sections.
These 2.45 m high 150UB14.0 columns also provide the main
structural strength of the box. This height is selected for the
preparation of soil specimen (discussed in Section 2.4).
Rigid steel L sections brace the three columns (see reddashed line in Figure 2). These members minimise vibration
of the columns in the longitudinal shaking direction. A row of
M6 holes, at 53 mm c/c, is drilled on the flange of the columns
that face the inside of the box. Each hole will be used to fix a
ball bearing for supporting a laminar layer. An 8 mm thick
gusset is welded on the horizontal I-section directly under
each column to facilitate load transfer to the base.
2.2. Laminar Layers. Thirty thin laminar layers are used.
Each of these layers is composed of a lightweight aluminium
alloy that minimises the mass. Figure 3 shows the construction of the laminar layers. Each laminar layer is a frame made
of a combination of x-shaped sections and 250 mm × 50 mm
× 3 mm rectangular hollow sections. It was decided to use xshaped sections as these sections have built-in tracks in which
ball bearings are used to support the laminar layer. In this
way, ball bearings are not installed between laminar layers,

and the gap between the laminar layers is thus minimised. The
x-shaped sections and rectangular hollow sections are bolted
together using M12 bolts to form each layer.
Each layer is separated and supported by ball bearings
fixed on the external columns. The ball bearings allow the
layers to move relative to one other with little frictional
resistance. A Teflon washer is provided between the x-shaped
sections and the columns in order to reduce friction, thereby
minimising resistance from the columns to the sliding of
the laminar layers. As described in the previous section, the
spacing between the holes for the ball bearings is 53 mm. The
total thickness of the laminar layer is 50 mm (i.e., the height
of the hollow section). Thus the gap between laminar layers
is controlled to within 3 mm.
2.3. Membrane. The third major component of the large
laminar box is the membrane that lines the inside of the box.
While most other laminar boxes, such as the one developed
by Ueng et al. [16], have utilised a silicone rubber membrane,
the membrane in this box is made of a flexible and durable
PVC fabric. It was chosen to minimise the resistance to the
movement of sand during shear. The fabric was designed to
fold/unfold as sand moves against it rather than to stretch like
a conventional silicone rubber membrane. The membrane is
made from a trapezium-shaped piece of fabric. The bottom of
the trapezium has a length equal to the inner perimeter of the
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Figure 4: Size of the PVC fabric (a) before and (b) after being fitted into the laminar box.

box, while the top of the trapezium is about 1.25 times longer
than the bottom (Figure 4(a)). The bottom of the fabric is
clamped to the steel base of the box, while the top of the fabric
is pegged to the top laminar layer. The result is a fabric system
that has increasing leeway near the top of the box where the
laminar layers are expected to move the most during testing
(Figure 4(b)). This leeway allows the flexible membrane to
fold/unfold easily to accommodate the movement of sand.
2.4. Preparation of the Sand. The laminar box was filled with
1 m depth of dry sand. This was achieved by raining the
sand through a vertical distance higher than that required
for the sand reaching terminal velocity (Figure 5(a)). Raining
of sand is a common technique that is used to prepare sand
samples for laboratory testing [16, 20]. A number of studies
were conducted to calibrate this technique [21–23]. It was
reported that raining sand above the terminal falling height,

determined to be above 400 mm, would allow for consistency
in relative density at various locations of the sand layer [21,
22]. In this study, a timber box with a base area of 2 m × 2 m
was used to rain the sand. The base of the box was drilled with
1800 holes of 9 mm diameter with c/c spacing of 40 mm. This
means that 2.8% of the area of the base consists of openings
(Figure 5(b)). During the raining process, the timber box was
supported by the barrier columns of the laminar box. The
maximum depth of sand in the laminar box is 2 m, and thus
the clear distance between the base of the raining box and the
maximum elevation of the sand surface is 450 mm. According
to the data presented by both Rad and Tumay [22] and Vaid
and Negussey [21], the relative density of the sand formed
in the laminar box was about 35%. Figure 5(c) shows the
particle size distribution of the sand. The parameters of the
sand used in this study are shown in Table 1. The parameters
were obtained according to NZS 4402 [24].
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Figure 5: Test setup: (a) laminar box with (b) the raining box and (c) particle size distribution.

Table 1: Soil parameters.
Parameters
Density (𝜌)
Unit weight (𝛾)
Max. void ratio (𝑒max )
Min. void ratio (𝑒min )
Specific gravity (𝐺𝑠 )

Quantities
1451 kg/m3
14.2 kN/m3
0.93
0.6
2.67

2.5. Shake Table Test Setup. The laminar box with 1 m depth
of sand was placed on the shake table as shown in Figure 6. A
frame model was placed on the sand surface. The model was
assumed to be a SDOF model with a fixed base fundamental
frequency of 2.8 Hz. The mass at the top was 19.2 kg and
the height of the model was 580 mm. The footing size was
475 mm × 475 mm. The footing was assumed to be rigid.
Sand paper was attached under the footing to increase the
friction at the footing-sand interface and thus minimise
sliding. The accelerations at the top (𝑎𝑇 ) and at the footing
(𝑎𝐹 ) of the model were measured. The acceleration of the sand
beneath the model (𝑎𝑆 ) was measured by embedding another

accelerometer in the sand directly beneath the centre of the
footing of the model. Two laser transducers were used to
measure the settlement at the sand surface and 250 mm away
from the footing edge (Figure 6). The acceleration at the base
of the laminar box (𝑎𝐵 ) was also recorded. Strain gauges were
attached at the base of the columns to measure the strain for
calculating the bending moment development. The bending
moments were used to calculate the base shears (𝑉).
The excitation was simulated based on the Japanese
Design Spectrum for a hard soil condition [25, 26]. Figure 7(a) shows the acceleration time history of the excitation.
The peak ground acceleration (PGA) of the excitation is
0.79 g. The shake table used for this study was displacement controlled with a maximum allowable movement of
±120 mm. The displacement time histories of the excitations
were obtained by double integration of the acceleration time
history (Figure 7(c)). Because the maximum ground displacement (335.57 mm) was larger than the allowable range of
the shake table, it was decided to reduce the displacement
of the excitation by a factor of four so that the maximum
displacement of the ground motion is within the limit of
the shake table. The ground acceleration is also reduced
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Figure 7: Ground excitation. ((a) and (c)) original and ((b) and (d)) scaled time history.

by a factor of four. The reduction leads to a loading that
is not strong enough to excite the structure. To keep the
magnitude of ground acceleration according to Buckingham
𝜋 theory [27], the scale factor of the duration of the ground
excitation needs to be two, because the scale factor of the
ground acceleration depends on the dimension length and
the dimension time power two. The relationship between the
scale factors of length (𝑆𝐿 ), times (𝑆𝑇 ), and acceleration (𝑆𝑎 )
is 𝑆𝑇 = √𝑆𝐿 /𝑆𝑎 . To keep the acceleration magnitude, the
acceleration scale factor needs to be 1. Consequently, the scale
factor for time is √4/1 = 2. After scaling, the magnitude of
the ground displacement is only 25% of the original magnitude (see Figure 7(d)), while the magnitude of the ground
acceleration time history has the same magnitude of the
original ground acceleration (see Figure 7(b)). The duration

of the ground excitation is only 50% of the original duration
(see Figures 7(b) and 7(d)). To investigate the effect of
aftershock earthquake on the structure with soil, a sequence
of three excitations was applied to the laminar box. The effect
of mainshock was represented by the first excitation. The
second and third excitations were used to represent the first
and second aftershocks, respectively. For simplification, it is
assumed that the time history of aftershocks is the same as
that of the mainshock.

3. Accelerations of the Structure,
Footing, and Soil
Figure 8, derived from the mainshock, shows the response
spectrum of accelerations at three different locations. The
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dotted line represents the response spectrum at the base of the
laminar box (𝑎𝐵 ). The dashed and solid lines are the response
spectra of acceleration at the centre (𝑎𝐹 ) and immediately
beneath (𝑎𝑆 ) the footing, respectively. In the long period
range (greater than 0.3 s), the spectrum values of 𝑎𝑆 are larger
than those of 𝑎𝐵 . In contract, in the short period range (less
than 0.2 s), the spectrum values of 𝑎𝑆 are lower than those of
𝑎𝐵 .
Comparing the response spectrum of acceleration at the
footing (𝑎𝐹 ) and under the footing (𝑎𝑆 ), the spectrum values
of 𝑎𝐹 are higher than those of 𝑎𝑆 in the period range between
0.03 s and 0.2 s. In the long period range (greater than 0.7 s)
the spectrum values of 𝑎𝐹 and 𝑎𝑆 are similar. Other than that,
the spectrum values of 𝑎𝐹 are lower than those of 𝑎𝑆 .
The difference between the response spectrum values of
𝑎𝐹 and 𝑎𝑆 can be attributed to the interaction between the
response of the model, the footing, and the soil. A part of
the footing was observed to be temporarily separated from
the supporting soil during all experiments. Because of the
separation, the response spectrum values of 𝑎𝐹 around the
fixed base fundamental period of the model (0.36 s) reduce.
Figure 9(a) shows the acceleration of the soil beneath
the model footing (𝑎𝑆 ) during the mainshock and the first
aftershock. While the solid line represents the case of the
mainshock, the dashed line illustrates that of the first aftershock. As shown, the amplitude of the soil acceleration due
to the mainshock was larger than that due to the aftershock.
The maximum sand acceleration beneath the footing due
to mainshock and the first aftershock was 0.75 g and 0.62 g,
respectively, that is, a 17.33% difference. Figure 9(b) compares
the acceleration of the soil beneath the model footing during
the first (dotted line) and second (solid line) aftershocks. In
general, the soil accelerations during the first and second
aftershocks were similar. The maximum soil acceleration
due to the second aftershock was 0.64 g. The difference in
maximum soil acceleration between the first and second
aftershocks was only 0.02 g. It is shown that acceleration of
soil in the event of aftershocks is smaller than that in the
mainshock, even though both mainshock and aftershocks
have the same magnitude.
Figure 10 compares the response spectrum of the soil
acceleration (𝑎𝑆 ) under the footing during the mainshock
and the aftershocks. The response spectra of 𝑎𝑆 obtained
from the aftershocks are very similar. However, some notable
differences can be found when these response spectra are
compared to those obtained from the mainshock. At periods

around 0.35 s and 0.6 s, the spectrum accelerations from the
mainshock are higher than those of the aftershocks.
The difference in the response spectrum value of 𝑎𝑆
among tests is attributed to the soil density being much higher
in the aftershock events. Extensive soil settlement took place
during the mainshock, and thus the soil density increased.
Figure 11 shows the settlement at the soil surface in the
mainshock and aftershocks. As shown, the final settlement at
the soil surface due to the mainshock was 42.8 mm, while the
final settlement caused by the first and second aftershocks was
7.4 mm and 6.2 mm, respectively. Most of the soil settlement
took place during the mainshock. Thus, the soil densities in
the events of the aftershocks were much higher than those
of the mainshock. In the aftershocks, the settlements at the
soil surface were very similar, leading to approximately equal
changes of soil density. Consequently, the response spectrum
values of 𝑎𝑆 in the first and second aftershocks were similar
(Figure 10). With lower soil density in the mainshock, the soil
had the largest spectrum amplitude for periods in the vicinity
of the fixed base fundamental period (0.36 s) of the structure.
Figure 12 compares the horizontal acceleration developed
at the footing (𝑎𝐹 ) during the mainshock and aftershocks.
While Figure 12(a) shows the effect of aftershock by comparing the footing response obtained from the mainshock
and the first aftershock, Figure 12(b) illustrates the effect of
subsequent aftershock on the footing acceleration. Although
the excitations were the same, the developments of footing
acceleration during the mainshock and the first and the
second aftershocks were different from each other. Figure 13
shows the response spectrum of soil and footing accelerations
𝑎𝑆 and 𝑎𝐹 obtained from the aftershocks. For most periods,
the spectrum values of 𝑎𝐹 are close to or larger than those of
𝑎𝑆 . Except in the period range (approximately 0.3 s and 0.6 s)
covering the fixed base fundamental period of the model
(0.36 s), the spectrum value of 𝑎𝐹 is smaller than that of 𝑎𝑆 .
This finding is consistent with the results of the mainshock.
Figure 14 shows a comparison of the horizontal acceleration at the top of the model (𝑎𝑇 ). The acceleration of the
model during the mainshock was larger than that during the
aftershocks. The maximum horizontal acceleration at the top
of the model in the mainshock and the first aftershock was
0.92 g and 0.67 g, respectively, that is, a 27% difference. On the
other hand, the maximum horizontal acceleration at the top
of the model during second aftershock was 0.68 g, similar to
that of the first aftershock (see Figure 15(b)). The results show
that, in the event of the aftershocks, the response of structure
with SFSI can be reduced. This could be attributed to the fact
that the density of sand of the aftershock was greater than that
of the mainshock.
Figure 15 shows the Fourier spectrum of the structural horizontal acceleration due to the mainshock and the
aftershocks. There is a noticeable difference between the
Fourier amplitude of the mainshock and that of the first
aftershock (Figure 15(a)). The maximum Fourier amplitude
for case of the mainshock is 1.11 gs. However, the maximum
Fourier amplitude obtained from the first aftershock was
significantly lower (only 0.78 gs). Also, the majority of the
Fourier amplitudes within the range of 1.6 Hz and 3 Hz
obtained from the first aftershock were lower than those from
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the mainshock. The Fourier amplitude obtained from the first
aftershock was also significantly different from that obtained
using the second aftershock (Figure 15(b)). This result shows
that although the excitations of the mainshock and the first
and the second aftershocks were assumed to be the same,
the aftershock can cause amplification or reduction on the
response of structure with SFSI.

4. Calculating the Base Shear
of the Structure with SFSI
Strain gauge was used to measure the strain at the column
base of the model. The development of base shear in the
model during the earthquake can be calculated using the
strain gauge measurement. Figure 16 shows a comparison
of the base shear development in the model due to the
mainshock and the aftershocks. As shown, the maximum
base shear in the model due to the mainshock was larger than
that due to the first aftershock. On the other hand, although
the maximum horizontal acceleration at the top of the model
due to the mainshock was the largest, the largest maximum

base shear (𝑉) was found in the second aftershock event
(Figure 16). The maximum base shear due to the mainshock
was 169.5 N. The maximum base shear due to the first and
second aftershocks was 159.2 N and 179 N, respectively. The
maximum base shear due to the second aftershock was 5.6%
and 12.4% larger than that due to the mainshock and the
first aftershock, respectively. Although the mainshock and
aftershock were the same, the development of maximum
acceleration and base shear shows a different trend when
subjected to the mainshock and the aftershocks.
Chopra and Yim [28] developed an equation of motion to
calculate the response of a structure with a flexible support.
The deformation of the support was modelled using twospring support. They developed a set of formulas to calculate
the maximum base shear (𝑉max ) of structures on flexible
supports:
{
{ ℎ2
𝑉max = 𝑉cr { 2
{ 𝑅𝑜
{
+ 𝑒−𝜉𝜙 √

(1)

}
}
𝑆̃
𝑏4
𝑏2
ℎ 2
+ 2 [( 𝑎 ) ( ) 𝑒𝜉𝜋 − 1]} ,
4
}
𝑔
𝑏
𝑅𝑜
𝑅𝑜
}
2

where
1
{
− }
{
}
2
2
{
̃
2}
{
}
𝑆
𝜋
ℎ
𝑏
𝜙 = − tan−1 { [( 𝑎 ) ( ) 𝑒𝜉𝜋 − 1] } ;
{
}
2
𝑔
𝑏
{ 𝑅𝑜
}
{
}
{
}

(2)

and 𝑏 is half of the base width and ℎ is the height of the
model; 𝑔 is the gravitational acceleration; 𝑅𝑜 = √ℎ2 + 𝑏2 and
𝑉cr = 𝑚𝑔 × 𝑏/ℎ is the base shear to initial footing uplift. 𝑆̃𝑎
is the spectrum acceleration corresponding to the effective
̃
vibration period 𝑇.
The effective vibration period of a structure with a flexible
support is
̃ = 𝑇√ 1 + 𝑘ℎ ,
𝑇
𝑘𝜃

(3)

where 𝑇 is the fundamental period of the structure with a
fixed base, 𝑘 is the lateral bending stiffness of structure, and
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Figure 12: Effect of aftershock on the footing acceleration.
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Figure 16: Base shear in the structure due to the mainshock and aftershocks.

𝐺𝜋
𝑘𝜃 =
𝐵2 ,
8 (1 − 𝜐)

(4)

where 𝐺 and 𝜐 are the shear modulus and Poisson’s ratio of
the soil, respectively; 𝐵 is the base width (2𝑏).
An empirical equation was developed by Larkin [29] such
that the shear wave velocity (𝑉𝑠 ) of sand can be calculated
using the relative density (𝐷𝑟 ), mass density (𝜌), and mean

):
effective confining stress (𝜎𝑀
𝑉𝑠 = √


√0.422 × 103 × 𝜎𝑀
𝐷𝑟 + 25
×[
]
100
𝜌

.

(5)

(6)

By combining (5) and (6), (7) can be obtained to estimate the
shear modulus (𝐺) of sand using the relative density 𝐷𝑟 and

:
effective confining stress 𝜎𝑀
𝐺=

𝐷𝑟 + 25

.
× √0.422 × 103 × 𝜎𝑀
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Figure 17: Calculation of the maximum base shear.

0.5

The shear wave velocity can be used to calculate the shear
modulus of soil:
𝐺 = 𝜌𝑉𝑠 2 .

300
VＧ；Ｒ (N)

𝑘𝜃 is the rotational assumed static stiffness of the footing on
uniform soil:

(7)

The shear modulus of the sand at depth of 59 mm is 0.45 MPa.
This depth, calculated from 1/8 of the footing width, is
the appropriate depth for a characteristic soil element to
represent the stress conditions of soil involved in providing
resistance to moment and shear [3]. The effective vibration
frequency of the model on sand is calculated to be 2.74 Hz
(see (3)). The effective vibration period of the model is very
similar to the fixed base fundamental period. This is because,
in shake table experiments, the sand cannot be scaled. As a
consequence of this, the sand has larger stiffness than that
of scaled sand. Consequently, the unscaled sand has a higher
shear modulus, that is, higher sand stiffness.
Figure 17 shows a comparison of the maximum base shear
(𝑉max ) of the model obtained using experimental data and
(1). Strain gauge measurements are used to determine the
maximum bending moment at the base of the model and thus
the experimental maximum base shear can be calculated. The
̃ is derived from the acceleration
spectrum acceleration 𝑆̃𝑎 (𝑇)
measured in the soil beneath the footing (Figure 10). It

can be seen that (1) overestimates the maximum base shear
of the model. The experimentally obtained maximum base
shear for the model due to the mainshock and the first
and the second aftershocks is 169.5 N, 159.2 N, and 179.0 N,
respectively. With (1), the corresponding maximum base
shear is 249.4 N. Equation (1) overestimates the maximum
base shear of model by 47%, 57%, and 39%, respectively.
The accuracy of (1) is associated with the estimation of
the effective vibration period of the model on sand. In (3),
the rotational stiffness of footing on soil is modelled using
elastic springs. Footing uplift and soil plastic deformation are
not considered. Therefore, the effective vibrational period of
the model is underestimated.
As shown in Figure 15, the maximum Fourier amplitude
is found at 2.22 Hz considering the mainshock and the
second aftershock. This indicates that the corresponding
̃  ) are 0.45 s. Compared to the theoretical
vibration periods (𝑇
̃
calculation (𝑇 = 0.36 s), (3) underestimates the effective
vibration period by 20%. For the case of the first aftershock,
the maximum Fourier amplitude is found at 1.64 Hz, that is,
̃
26% lower than that in the case of the mainshock. When 𝑇
is used to obtain the spectrum value, the accuracy of (1) can
be improved. The maximum base shear of the model due to
̃  ),
the mainshock and the aftershocks, estimated using 𝑆̃𝑎 (𝑇
is 200.2 N, 170.6 N, and 200.2 N, respectively. Although (1)
overestimates the maximum base shears by 18%, 7%, and
12%, the calculations are closer to the experimental results. To
further improve the accuracy of (1), the spectrum acceleration
derived using footing acceleration (𝑎𝐹 ) in conjunction with
̃  can be used. The maximum base shear obtained from (1)
𝑇
̃  ) is 178.3 N, 169.4 N, and 190.3 N for the case of the
̃  (𝑇
using 𝑇
mainshock, the first aftershock, and the second aftershock,
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respectively. The corresponding errors reduce to 5%, 6%, and
6%.

5. Conclusions
This work addresses the response of a model structure on
sand using a large laminar box which is square in plan. The
laminar box can accommodate a depth of 2 m of soil, with
a surface area of 4 m2 . The design and construction of the
relatively large laminar box are presented. Shake table tests are
conducted. An excitation was applied three times to simulate
the effect of the mainshock and aftershocks of an earthquake.
The results reveal the following:
(i) A relatively large laminar box can be used to investigate the structural response with SFSI and produce
meaningful outcomes.
(ii) The development of soil settlement in the mainshock
was much larger than that in the aftershocks. As a
result, the development of spectrum acceleration of
soil acceleration was affected.
(iii) Although the mainshock and aftershock were
assumed to be the same, the densification of the
sand in the aftershocks affects the development of
structural top accelerations.
(iv) With SFSI, the maximum horizontal acceleration in
the structure when subjected to the mainshock was
larger than that due to the aftershock. However, the
maximum base shear of structure due to the aftershock can be larger than that due to the mainshock.
(v) When comparing experimental results against those
from an existing theoretical method, the accuracy
of the method is sensitive to the effective vibration
period of the SFSI system and the spectrum acceleration of the footing.
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