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ABSTRACT: This work reproduces and analyzes the effects of non-linearity of soil behavior
due to 1D propagation of seismic waves. Experimental tests are developed in a laminar shear
box which has characteristics of flexibility similar to those experienced by the soil during an
earthquake. The main characteristic of the laminar box is a translucent front glass, allowing
the monitoring of soil behavior directly by a high-speed camera and to compute the deform-
ation field in the soil by the Digital Image Correlation technique. The response of the laminar
box was evaluated for a sandy soil using harmonic signals and Ricker wavelets through a fre-
quency range from 0.5 to 5.0 Hz. Afterward, a comparison is made between the displacement
field obtained from experimental tests and a computational model formulated by the finite
element method, which was generated through calibration of a constitutive model of the same
soil based on laboratory tests.

1 INTRODUCTION

Dynamic non-linear soil behavior has an important role during earthquakes since seismic
events usually exceed its elastic range. Several investigations including numerical and/or
experimental studies have been carried out the last years to assess the role of its inelastic
behavior. However, both types of analyses have certain advantages and limitations; for
example, numerical models have a high degree of complexity in their formulation and may be
difficult to calibrate or validate. On the other hand, physical models, if done properly, can
replicate real conditions of the problem in a controlled environment. Nevertheless, results
from physical models performed at 1g, must be treated carefully because of their low level of
soil confinement. Indeed, the use of physical models in 1g conditions to study geotechnical
problems arises due to the limitations that analytical or numerical methods have to reproduce
complexities of many problems in earthquake geotechnical engineering. Rocha (1957) was one
of the first authors to investigate geotechnical physical models and analyze similitude laws
able to relate physical dimensions, stress and strain of the prototype with a model at different
scales. This first qualitative insight has been discussed by many authors throughout the years
and the methodology has been highly improved. Among the most important works are
Roscoe (1968), Kagawa (1978), Kokusho & Iwatate (1979), and Iai (1989) who made a compi-
latory work about the theory of scaling models and their application to soil-structure-fluid
interaction problems. Most recent advances make it possible to evaluate dynamic soil behav-
ior and study specific problems in geotechnics such as soil-pile interaction (e.g. Chau et al.
2009), simple direct foundations (e.g. Taylor & Crewe 1996) or retaining walls (e.g. Simonelli
et al. 2000).
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For all research attempts to replicate either elastic or inelastic soil behavior, their experi-
mental validations are restricted due to the limited number of accelerometers or displacement
transducers. Hence, the capability to obtain non-local information through a continuous field
record becomes an outstanding advancement.
This paper is primarily aimed to validate the use of a novel translucent laminar box by

studying its main physical characteristics. At the same time, the ability to replicate inelastic
soil response in the flexible container is studied by finite element modeling. Hence, boundary
effects are evaluated to verify lateral flexibility of the container and field displacement of the
soil is analyzed through digital image correlation. In order to perform this analysis, a dry
sandy soil was selected, with the main feature of a clear contrast of colors between particles.
Finally, these results are compared to those obtained by a finite element analysis in the com-
mercial software Plaxis® (Brinkgreve et al. 2014).

2 METHODOLOGY

2.1 Laminar box description

Physical modeling in geotechnics requires certain systematic procedures to ensure that soil
behavior can be adequately represented at different scales. Particularly, when modeling
dynamic soil behavior, boundary conditions have an important role in soil response due to the
limitations that entail performing this kind of test in a reduced space in comparison with real
conditions. In this way, laminar containers are designed to represent lateral boundaries of soil
when subjected to 1D seismic waves or in some cases 2D seismic waves (e.g. Moss et al. 2011),
since the walls are flexible and have the capacity to follow waves and avoid reflections as a
rigid wall would. Even though lateral boundaries in laminar containers are intended to repli-
cate real conditions, stress-strain behavior directly depends on the level of confining pressure.
Thus, in some cases, a centrifugal test is used to replicate gravitational stress of soil. Neverthe-
less, those tests are sophisticated, expensive and require a lot of time to be developed.
The laminar box developed, shown in Figure 1, is capable of propagating seismic waves in a

single axis and was designed to study physical models in a 1g environment. One of the main
characteristics is a translucent glass in the frontal side, making it possible to compute strain
field through digital image correlation. This laminar container is composed of nine fiberglass
frames of 960 mm in height, 1000 mm long and 500 mm wide; these frames are connected to
each other through four bearings to reduce the friction between frames. In this way, lateral
flexibility is guaranteed.

Figure 1. Shear laminar box: (a) Isometric view, (b) Plan view.
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2.2 Shaking table tests

The available shaking table for this investigation (Figure 2a) has six degrees of freedom, a
maximum acceleration of 0.6 g, lateral displacement of ± 24 cm and it is capable of handling
1000 kg. In order to introduce harmonic signals, Ricker wavelets and other seismic records as
input motion, a connecting bar is required to impose the desired signal at the base of the con-
tainer (Figure 2b). The first stage of the investigation was to evaluate the performance of the
coupled system and determine the optimal operating range in the shaking table.
The experimental program developed to study the performance of the system included dif-

ferent signal amplitudes in a wide frequency range (Table 1).

2.3 Data acquisition and instrumentation

A total of eight accelerometers (Acc 1 - Acc 8) are located inside the container to measure the
response of the soil at different depths (Figure 3) and to study possible boundary effects by
comparing the Fourier Amplitude Spectra (FAS) of accelerations measured at the middle of
the container and close to the walls.
Additionally, two accelerometers (Acc BC and Acc MOOG) were installed to evaluate the

noise introduced by the connecting bar when transmitting the input signals to the laminar
box, one at the base of the container and the other one at the base of the shaking table. This
measurement is relevant since the additional weight of frames is transmitted directly to the
base of the container causing additional inertial effects. Finally, two displacement transducers
were located in the base of the container and the shaking table, respectively.

2.4 Digital image correlation

A digital image correlation (DIC) analysis was carried out using a toolbox available in
Matlab® developed by Eberl et al. (2012). This experimental technique consists in analyzing a
sequence of images by maximizing a correlation coefficient between a set of square cells on the

Figure 2. (a) Shaking Table (MOOG 6DOF - 2000E), (b) Coupled system: Shaking table and laminar box.

Table 1. Summary of tests.

Signal Test Input amplitude [mm] Frequency [Hz]

Harmonic 1 3.0 0.5 to 5.0 at intervals of 0.5 Hz

2 5.0 0.5 to 5.0 at intervals of 0.5 Hz

Ricker wavelets

3 6.25 0.5 to 5.0 approximately

4 12.5 0.5 to 5.0 approximately

5 25.0 0.5 to 5.0 approximately

4916



image; the light intensity of each pixel composing a cell is determined at each step. The relative
displacement image-to-image of each cell allows estimating a continuous displacement field.
This method has been widely developed to quantify and analyze the field strain of materials
either when they are subjected to external forces or a known displacement pattern. More pre-
cisely, some geotechnical tests in sands such as triaxial tests (e.g. Hall et al. 2010a) or strain
increments in two dimensions (e.g. Hall et al. 2010b) have been obtained by using this
technique.
In the case of dynamic tests, a reasonable number of frames per second are required in

order to take the maximum information during the test and to properly characterize the
higher frequency content of the experiment. In this investigation, all tests were monitored at
60 frames per second in order to characterize deformation up to 30 Hz theoretically. On the
other hand, the resolution of each frame is relevant to obtain an accurate soil deformation
tracking. After several trials, a resolution of 4.1 Megapixels was identified as satisfactory for
this purpose since particles’ motion was properly computed from images.

2.5 Soil properties

In order to have a first insight of laminar box performance and to guarantee the proper func-
tioning of digital image correlation technique, a dry sandy soil characterized by a high color
contrast between particles was selected. This material was placed in the flexible container at a
specific density of 1.62 gr/cm3, which corresponds to 70% of the relative density, this param-
eter was controlled by compacting ten layers, each one with a specific weight and volume. The
final density in the container was checked using a nuclear density gauge.
According to Unified Soil Classification System (USCS), the soil is categorized as a poorly

graded sand without fines (SP). On the other hand, the dynamic properties obtained by a com-
bined resonant column/cyclic torsional shear test were compared against standard values for
sands (Seed & Idriss 1970). Experimental results of shear modulus and damping ratio are in a
good agreement with the standard curves of cohesionless soils. However there is a variability
of damping for strains larger than 0.1% (Figure 4b).
Based on these tests, the shear wave velocity was estimated of about 200 m/s at 50 kPa. A

quick estimation of mean confinement in the box produces a value close to 5 kPa, assuming
the standard relation for shear stiffness dependency with confinement for granular soils
(Eq. 1), a mean shear wave velocity in the box would be of about 110 m/s.

Vs ¼ Vs;ref
p

pref

� �
1=4

ð1Þ

where Vs = mean shear wave velocity; Vs,ref = reference shear wave velocity; pref = reference
confinement stress (50 kPa in this case); and p = mean confinement stress.

Figure 3. Instrumentation system in the laminar box and shaking table.
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Consequently, according to the standard solution for a homogenous elastic layer of a half-
space, a first estimation of resonance frequency of the soil deposit is close to 30 Hz (Eq. 2).

f ¼ Vs=4H ð2Þ

where f = natural frequency; H = height of the soil.

3 RESULTS

3.1 Boundary effects

Figures 5a-5b show the accelerometers displacement generated by harmonic signals at 3 mm
and 5 mm of amplitude, respectively. Deeper three levels (see Figure 3) suggest that boundary
effects are almost negligible. However, free field displacement (Acc 8) show a slight difference
with respect to Acc 4. We believe that this difference is mainly caused by low lateral confine-
ment, i.e. the accelerometer close to the lateral boundary exhibits larger lateral displacement.
This effect becomes more evident when the excitation amplitude increases (Figure 5b).
Figures 6a-6b show the Fourier Amplitude Spectra (FAS) of accelerations when the base of

the container from a fixed amplitude of 25 mm is subjected to a sinusoidal input motion with
a frequency of 0.5 Hz and 1.0 Hz, respectively. The results show some noise at 5 Hz and 6 Hz
approximately; this effect appears at low frequencies and tends to vanish as the frequency

Figure 4. (a) Stiffness degradation, (b) Experimental Damping curve.

Figure 5. Evaluation of boundary effects: (a) 0.5 Hz, A=3 mm and (b) 0.5 Hz, A=5 mm.
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increases. Because our estimation of first resonance of the soil deposit is close to 30 Hz, we
believe that this frequency could be related to a group vibration involving more mass, i.e., an
interaction mode of the coupled system. A free vibration analysis is being conducted to try to
identify the origin of this frequency.
On the other hand, results presented in Figure 6 illustrate that noise introduced by the con-

necting bar is negligible since there is not any significant variation in the frequency response
between Acc BC and Acc MOOG.

3.2 Displacement analysis

A second analysis considering Ricker wavelets characterized by different frequencies was car-
ried out (Figure 7b). Results presented in Figures 8a-8b show a field displacement at a vertical
soil section (see Figure 7a); each line represents the displacement across this section every 0.05
seconds approximately. These images demonstrate that it is possible to obtain a complete
monitoring field of the soil response during dynamic analysis. It is important to note the lat-
eral displacements as low as 2 mm were identified.
On the other hand, a complete displacement field could be obtained from DIC analysis (see

Figure 9) when the soil is subjected to a Ricker wavelet with a frequency of 4.0 Hz and an
amplitude of 12.5 mm. Despite the shadow of the camera in the center of the images and some
noise mainly in the upper area of the soil container, the motion can be visualized and properly
analyzed at each time step (i.e., 60 fps). However, further tests will be carried out using an
improved LED lighting system in order to avoid that reflection.

3.3 Numerical models

A computational analysis was implemented in order to provide a continuous set of data able
to be compared with DIC experimental results. The constitutive model explored for this pur-
pose was HS-small (Benz et al. 2009) available in Plaxis®, calibrated using the results obtained
from tri-axial and cyclic tests (see Table 2).
Figure 10a shows displacements at four control points obtained by DIC analysis, double

integration of accelerometers and results from the finite element model. A reasonable good
agreement between three sets of data was obtained. Nevertheless, results from the FEM model

Figure 6. Fourier amplitude spectra (FAS) at: (a) 0.5 Hz, A=25 mm and (b) 1.0 Hz, A=25 mm.
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Figure 7. (a) Soil specimen inside the container, (b) Input motion.

Figure 8. Displacements inferred from DIC: (a) Mean frequency = 3 Hz, (b) Mean frequency = 4 Hz.

Figure 9. Displacement field inferred from DIC at: (a) 0.55 s, (b) 0.65 s.
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show a residual displacement not observed in the physical test. Further improvements to the
constitutive model calibration and simulation procedure are being performed to improve the
adjustment. DIC analysis and double integration produce a very similar peak value (at about
0.65 s), nevertheless some differences could be noted at the first loading direction reversal (at
about 0.55 s). We believe that these differences will be reduced by increasing the resolution of
images and/or improving the DIC algorithm during the next stages of the investigation.

4 CONCLUSIONS

One-dimensional shear wave propagation in soil’s inelastic range was replicated in a translu-
cent laminar box connected to a shaking table. The performance of the container in a wide
range of frequency and amplitude was analyzed. According to preliminary results, boundary
lateral effects are negligible far enough from the free surface.
The transparent laminar shear box developed provides a novel opportunity for monitoring

the dynamic displacement field in a continuous way making possible the direct comparison
against an array of accelerometers inside the soil, also providing significant information to
study the performance of numerical models.
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Table 2. HS-small parameters.

Stiffness parameters Strength parameters Small strain

E50
ref 9502 kN/m2 m 0.69 c’ref 2.41 kN/m2 γ0.7 0.23 x10-3

Eoed
ref 14080 kN/m2 ν’ur 0.20 ϕ’ 28.34 ° G0

ref 50 x103kN/m2

Eur
ref 39570 kN/m2 K0

nc 0.52 ψ’ 0.23 °

Figure 10. (a) Comparison of numerical and experimental results, (b) Displacement control points.
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