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Identification of the modes of deformation of infinite-slope centrifuge models 
subjected to seismic excitations

Identification des modes de déformation des modèles de centrifugeuse d’une pente infinie soumise 
a des excitations séismiques

C.Oskay & M.Zeghal - Rensselaer Polytechnic Institute, Troy, NY, USA 
M.K.Sharp -  Waterways Experiment Station, MS, USA

ABSTRACT: An identification procedure is proposed to assess the evolution of the deformation of infinite-slope centrifuge models 
using spectral decompositions. The recorded motions of these models are used along with the associated modal configurations of their 
linearized behavior to reconstitute the displacement and strain fields. These modal configurations are adaptively refined to reflect the 
evolution of the system behavior during excitations. The proposed approach is applied to a centrifuge test of a dense-sand infinite 
slope saturated with a viscous fluid. The analysis showed a complex 2D response following the onset of liquefaction.

RÉSUMÉ: On propose un procédé d'identification pour évaluer l'évolution de la déformation des modèles de centrifugeuse de 
pentes infinies en utilisant des décompositions spectrales. Les mouvements enregistrés de ces modèles sont employés avec les 
configurations modales associées à leur comportement linéarisé, pour reconstituer leurs champs de déplacement et de défor
mation. Ces configurations modales sont raffinées de manière adaptative pour refléter l'évolution du comportement du 
système pendant les excitations. L'approche proposée est appliquée à un modèle de centrifugeuse d'une pente infinie de sable 
dense saturée avec un fluide visqueux. L'analyse a montré une réponse complexe à la suite de la liquéfaction de la pente.

1 INTRODUCTION

Recent earthquakes such Loma Prieta (1989), Kobe (1995), Tur
key (1999), and Taiwan (1999), were marked by extensive dam
age in areas affected by lateral spreading (Bardet et. al. 1995). In 
fact, liquefaction-induced lateral spreading caused millions of 
dollars in damage during each of these earthquakes. Despite the 
efforts of many researchers, the mechanisms of this phenomenon 
are still not yet fully understood.

Lateral spreading is commonly documented in terms of 
ground surface permanent displacements at the end of shaking. 
In-situ recordings of permanent displacement time histories as a 
function of depth are scarce, if not nonexistent. Centrifuge model 
testing provides an important alternative to assess lateral spread
ing mechanisms. This is especially true when tests are conducted 
in a laminar box and lateral motions are monitored with LVDTs 
(Linear Variable Differential Transducers) in addition to accel
erometers. A comprehensive suite of well instrumented infinite 
slope centrifuge models were tested at Rensselaer Polytechnic 
Institute (RPI). These tests provided a wealth of information on 
the associated mechanisms of liquefaction triggering and lateral 
spreading (Sharp 1999).

Zeghal et. al. (2000) used the measured motions to evaluate 
the displacement and strain field profiles (as a function of depth) 
based on spectral decomposition. A shear beam model was em
ployed to idealize the response of an infinite slope tested in a 
laminar box. As shown in this paper, the validity o f this shear 
beam model becomes questionable following liquefaction. 
Herein, displacement and strain fields are evaluated using two- 
dimensional modeling. The proposed approach represents a logi
cal and simple extension of the one-dimensional analysis men
tioned above. Visual analysis of the identified displacement 
fields is then employed in interpretation and examination of the 
observed response.

Analyses of the dynamic response of a centrifuge model of a 
mildly sloping saturated sandy site showed that deformations 
deviates from shear beam-type behavior as liquefaction pro
gresses. Shear strain concentration was observed at the interface 
between liquefied top soil strata and underlying layers. A slight 
phase lag was detected between the central zone of the soil mass 
and the motion of the laminates.

2 SOIL PROPERTIES AND CENTRIFUGE MODEL 
DESCRIPTION

A suite of centrifuge tests were conducted at RPI using a laminar 
box and Nevada sand at a 75% relative density. The laminar box 
was inclined 2° to the horizontal to simulate an infinite slope in 
free field conditions. Allowing for corrections to address the ef
fects of lateral inertia and weight of the rings as well as water 
level (Taboada 1995), this model inclination becomes a 4.8° pro
totype angle (Sharp 1999). A viscous fluid (Methocel) was em
ployed to mimic real life permeability. Figure 1 displays a sketch 
of the test setup. The soil system response was monitored with a 
series of accelerometers (within the soil and on the laminar box), 
LVDTs and pore pressure transducers. The model was excited 
parallel to the base of the laminar box
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Figure 1. Setup and Instrumentation for the centrifuge test

with a 2 Hz input signal (prototype frequency). The recorded 
horizontal accelerations in the soil layer and on the laminar box, 
and lateral displacement of the rings at various elevations are 
shown in Figures 2-3.
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Figure 2. Acceleration time histories of the laminates and along the soil 
midsection.
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Figure 3. Displacement time histories of the laminates.

Zeghal et. al. (2000) used a one dimensional version of Equa
tion 1 and employed the shape functions dictated by a shear 
beam model with a shear modulus increasing with depth. These 
shape functions provided valuable information on the dynamic 
nature of the shear waves propagating through the soil, but failed 
to capture complexities associated with the two dimensional na
ture of the problem.

This paper proposes an alternative set of shape functions to 
capture the two-dimensional response of the soil system and ac
count for the effects of the boundaries imposed by the laminar 
box. Shape functions are selected to be the eigenmodes of the 
soil-laminar box system. The soil-laminar box system is ideal
ized using a 2-D finite element model and the linear mode 
shapes are determined numerically. Cross-correlation analysis of 
the recorded accelerations, along with results of miniature in
flight cone penetration tests of the infinite slope soil system sug
gested a shear wave velocity profile proportional to /  (with 
/?=0.33 and z being the depth coordinate). The Laminate ele
ments are highly rigid and interface elements were placed be
tween them to model the differential motion of the laminates 
during deformation. Rigid elements corresponding to the same 
laminates were slaved. Figures 4-5 exhibit the first and fourth 
mode of the soil-laminar box system. As suggested by Figure 5, 
higher order modes are characterized by a two dimensional re
sponse.

Commonly, the soil system linear mode shapes are well 
suited to such spectral decomposition as they introduce the least 
kinematic constraints. Furthermore, the seismic response of soil 
systems is often narrow banded, and only few shape functions 
are needed to accurately represent the displacement field. Note 
that the use of linear shape functions does not imply a linear be
havior, as these functions are used only in a spectral decomposi
tion. In this decomposition, non-linearity in system response is 
reflected in the adaptive selection of mode shapes and the gener
alized coordinates, a,. These coordinates are to be evaluated us
ing the recorded motion, and thus only a limited number of shape 
functions may be used. In this study, these coordinates were 
evaluated using a simple least squares optimization (Bard 1974) 
that minimizes the errors between the recorded motion and the 
spectral decomposition prediction.

Figure 4. First mode of the soil-laminar box system.

3 EVALUATION OF STRAIN AND DISPLACEMENT 
FIELDS

Using a spectral decomposition, the time history of the dis
placement field can be expressed as:

u ( x , z , t )  = ^ a ,  ( t)  0 ,  ( x , z )  ( i )

1=1

in which 0, are a complete set of shape functions that satisfy the 
soil system kinematic boundary conditions, a, are generalized 
coordinates in the space of shape functions, x and z are space co
ordinates, and n is the number of shape functions employed.

Figure 5. Fourth mode of the soil laminar box system.

4 ANALYSIS OF AN INFINITE SLOPE DYNAMIC 
RESPONSE

Figures 6-9 display the cyclic components of the displacement 
field for four selected time instants as evaluated using a spectral
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Figure 6 . P rofile o f  cyclic  lateral d isp lacem ent at t  =  4.3 sec.

F igure 7. P rofile  o f  cyclic  la teral d isp lacem ent at t =  8 .75 sec.

F igure 8 . P rofile  o f  cyclic  la teral d isp lacem ent a t t =  10.0 sec.

F igure 9. P rofile o f  cyclic  la teral d isp lacem ent a t t =  12.0 sec.

decomposition along with the measured motions. In each of 
these figures, the motions within the central zone of the soil mass 
and on the laminates are compared with the respective measured 
motions. These displacements were evaluated with 7 shape func
tions. All LVDT and accelerometer recordings were used to 
evaluate the displacement field.

Figures 10-13 display the displacement and strain field of the 
entire soil-laminar box system for selected time instants. Shading 
of the soil mass reflects the magnitude of shear strains. Visual 
animations were developed for the entire time history.

Figure 10. D isplacem ent and strain  field pro file  at t =  4 .2  sec.

F igure 11. D isp lacem ent and strain  field  pro file  a t t =  8 .75 sec.

F igure 12. D isplacem ent and strain  fie ld  p ro file  a t t  =  10 sec

F igure 13. D isp lacem ent and strain  field p ro file  at t  =  12 sec

The soil-laminar box system showed an approximately uni
form strain field along the lateral direction prior to the triggering 
of the liquefaction (Fig. 10), indicating a shear beam-type re
sponse. As the upper soil layer starts to liquefy, the strain field is 
marked by a two dimensional response (Figs. 11-12). Towards 
the end of the excitation, the soil-laminar box system is again 
dominated by shear beam-type deformations (Fig. 13).
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5 CONCLUSION

The recorded acceleration and displacements o f an infinite slope 
centrifuge test were analyzed using a spectral decomposition. 
The evaluated soil displacement field indicated a progressive de
viation from the shear beam type of behavior to a more complex 
two-dimensional behavior as the soil liquefies. A phase lag be
tween the central zone of the soil strata and laminates was ob
served after liquefaction.
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