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On the prediction of dynamic behaviour using numerical and physical modelling 
Sur la prévision du comportement dynamique par modélisation numérique et physique 

Stuart Haigh, Paulo Coelho & Gopal Madabhushi 
Cambridge University Engineering Department, Cambridge, UK 

ABSTRACT
Both physical and numerical modelling have their advantages and disadvantages in predicting the behaviour of structures on liquefi-
able soils under earthquake loading. Whilst it can be seen that as a designer,  numerical techniques offer the quickest and cheapest 
route to a safe design, in order to have confidence in the results gained from any numerical code, its results must be checked against
those from a physical prototype, whether that is a centrifuge test or a full-scale experiment. In order for this test to be unbiased, nu-
merical analyses should be carried out before the tests in a so-called Class A or ‘blind’ prediction of the behaviour. 
This paper will discuss the results of Class A numerical predictions of the behaviour of a shallow bridge foundation on liquefiable soil 
together with the results later obtained from a dynamic centrifuge model with the same geometry. It will be shown that when a prop-
erly calibrated numerical model is used, a very good prediction of the physical model behaviour can be achieved with currently avail-
able dynamic FE codes.  

RÉSUMÉ
Les modélisations physiques et numériques ont toutes deux leurs avantages et leurs inconvénients pour évaluer le comportement des
structures fondées sur des sols liquéfiables lors d’une sollicitation sismique. Pour l’ingénieur, les techniques numériques offrent le
moyen le plus rapide et le plus économique pour un dimensionnement sûr. Cependant, afin que les résultats obtenus à partir d’un code
numérique soient fiables, ils doivent être validés avec ceux d’une modélisation physique, soit à échelle réduite en centrifugeuse, soit à
l’échelle réelle. Pour que cette vérification soit impartiale, les modélisations numériques devraient être effectuées avant les essais ex-
périmentaux, de manière à obtenir une prévision du comportement dite de classe A  ou "à l’aveugle". Cet article discute les résultats 
des prévisions numériques de classe A du comportement d’une fondation superficielle d’un pont construit sur des sols liquéfiables.
Ces résultats sont ensuite comparés avec ceux obtenus par la suite à partir d’un model en centrifugeuse de même géométrie. On mon-
trera que quand un model numérique correctement validé est employé, une très bonne prévision du comportement du model physique
peut être obtenue avec les codes d’éléments finis actuellement disponibles pour les analyses dynamiques. 

1 INTRODUCTION

Between the Niigata earthquakes of 1964 and 2004, there have 
been 49 large earthquakes resulting in more than 1,000 deaths 
each. Whilst the majority of the immediate fatalities due to 
earthquakes are due to structural collapse, the collapse of 
bridges can have a significant effect on the post-earthquake 
provision of aid to the disaster-stricken region. 

The performance of civil engineering structures during 
earthquakes is dependent on both structural and geotechnical 
aspects of the system, but whilst dynamic structural design is a 
relatively well-developed field, the performance of geotechnical 
foundation systems under earthquake loading is still relatively 
undeveloped. 

In almost all major earthquakes in the last forty years, sig-
nificant damage has been documented due to the effects of soil 
liquefaction. This has resulted in large databases of case histo-
ries which have been back-analysed to formulate design codes. 
It is only in the last decade, however, that significant progress 
has been made in the prediction of the behaviour of boundary-
value problems involving liquefiable soils. This progress has 
been made possible through the widespread use of physical 
modelling, including dynamic centrifuge modelling and full-
scale shake table tests, and numerical modelling using dynamic 
finite element analysis.  

Both physical and numerical modelling have their advan-
tages and disadvantages. Physical modelling always gives ‘true’ 
behaviour, subject to its boundary conditions, as it makes no as-
sumptions about the soil behaviour, but it is time consuming 
and expensive. Numerical modelling, conversely, assumes a 

constitutive relation for the soil which, if accurate, will result in 
correct behaviour being predicted, but if inaccurate will result in 
erroneous or even misleading results. This is particularly the 
case in dynamic modelling of liquefiable soils whose constitu-
tive behaviour is still relatively poorly understood. 

Whilst it can be seen that as a designer,  numerical tech-
niques offer the quickest and cheapest route to a safe design, in 
order to have confidence in the results gained from any numeri-
cal code, its results must be checked against those from a physi-
cal prototype, whether that is a centrifuge test or a full-scale ex-
periment. In order for this test to be unbiased, numerical 
analyses should be carried out before the tests in order to 
achieve a so-called Class A or ‘blind’ prediction of the behav-
iour.

Table 1: Properties of Fraction E silica sand 
Property  Value
�crit 32°
D10 0.095 mm 
D50 0.14 mm 
D60 0.15 mm 
emin 0.613
emax 1.014
k at e=0.72 0.098 mm/s
Gs 2.65

This paper describes an attempt to predict the behaviour of a 
shallow bridge foundation resting on liquefiable soil. The bridge 
foundation rests on an 18m deep layer of loose (50% relative 
density) liquefiable soil, whose properties are summarised in 
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Table 1. The soil is saturated with viscous methyl-cellulose pore 
fluid in order to correct the scaling law anomaly between dy-
namic and seepage time as discussed by Schofield (1981). 

The bridge consists of a rigid pier of height 6m resting on a 
shallow foundation of 4m x 8m embedded by 1m into the soil. 
On top of the pier, two decks rest on neoprene bearing pads 
with the spans being 17m long. At the other end of the span, the 
deck rests on a roller-bearing mounted on the box end wall.  

A schematic of the model layout can be seen in Figure 1. 

Figure 1: A schematic of the bridge structure (dimensions at model 
scale)

2  FINITE ELEMENT ANALYSIS 

Finite element analysis was carried out using the FE code 
SWANDYNE developed by Chan (1988) using the Pastor-
Zienkiewicz Mark III soil model (Pastor et al. 1985) to model 
the liquefiable soil. 

2.1 SWANDYNE 

SWANDYNE is a unified general purpose finite element pro-
gram developed by Chan (1988). This is a 2D program, which 
solves the fully coupled Biot’s dynamic equation with the as-
sumption that the fluid acceleration in relation to the solid 
skeleton is negligible. The program can handle both quadrilat-
eral and triangular finite elements with a variety of numbers of 
nodes. It can be used to deal with static, consolidating and dy-
namic loading under both draining and undrained conditions. 
The time integration scheme used is the GNpj (Generalised 
Newmark pth order scheme for jth order equations) scheme. 
This scheme uses a staggered approach and a single field vari-
able is obtained using the extrapolated value of the other. For 
example displacement ‘u’ and pore pressure ‘p’ can be chosen 
as the field variables and the displacement can be obtained us-
ing the extrapolated values of the pore pressure. Many different 
soil models are incorporated into the program including the lin-
ear elastic, Mohr Coulomb, Critical State, and Pastor Zien-
kiewicz Mark III (Pastor et al. 1985) models. The capability of 
this program in handling dynamic problems has been tested 
time and again. Madabhushi (1991) used it for the numerical 
analysis of the tower soil interaction problem and compared the 
results with those of centrifuge tests and more recently Dewool-
kar (1999) used the same program to study seismic effects on 
saturated earth structures with the results again being compared 
with those from centrifuge tests.  

In these cases SWANDYNE with appropriate constitutive
models has been shown to be able to predict the behaviour of 

boundary value problems in liquefiable sands, being one of few 
codes in the VELACS project to perform satisfactorily. 
SWANDYNE was thus used in the study described here, but its 
results could equally be applied to other fully coupled codes 
implementing a constitutive model that is capable of describing 
soil response under cyclic loading. 

2.2 Pastor-Zienkiewicz Mark III Constitutive Model 

The Pastor-Zienkiewicz Mark III Soil model developed by Pas-
tor et al. (1985) is generalised plasticity bounding surface model 
with a non-associative flow rule. The model incorporates two 
families of surfaces, plastic potential surfaces and loading sur-
faces, which are both of the same generalised shape but con-
trolled by different input parameter values. The model incorpo-
rates hardening independently on loading and unloading, with 
loading and unloading being distinguished based on the dot 
product of the load increment and the outward normal to the 
loading surface passing through the current stress state. If this 
product is positive, loading is occurring, whereas if this is nega-
tive unloading is occurring. 
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The behaviour of this model in predicting the behaviour of a 
triaxial test specimen under cyclic loading is as shown in Figure 
2.

Figure 2: Predicted behaviour for an undrained triaxial test. 

2.3 Analysis Procedure 

The analyses were carried out using the mesh shown in Figure 
3. This mesh consists of 1112 8-noded plane-strain quadratic 
elements. 

Initially a static run was carried out using a Mohr-Coulomb 
soil model in order to determine the initial stress-state within 
the soil after gravity turn-on. The displacements predicted 
matched closely with those observed in the centrifuge model 
and the initial stress state appeared to be reasonable. This was 
followed by a dynamic run using a timestep of 1 ms, in which 
the desired input motion was applied to the base of the model 
with the soil being modelled using the Pastor-Zienkiewicz soil 
model with parameters as given in Table 2. 

Figure 3: Finite element mesh used for the analysis 
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Table 2: Pastor-Zienkiewicz model parameters 

Quantity Value
Mf 1.15 
Mg 0.75 
�f 0.45 
�g 0.45 
K at p'=25kPa 38 MPa 
G at p'=25 kPa 21 MPa 
�0 4.2 
�1 0.2 
Variation of stiffness �p'
H0 200
Hu0 400 MPa 
�u 2
�m 0

2.4 Calibration of model parameters 

Constitutive parameters for the sand were obtained by perform-
ing a Class C analysis of a centrifuge test of an instrumented 
level sand bed of the same density as that used in this study. 
The model parameters were varied to achieve a best fit to the 
pore-pressures and accelerations measured within the sand bed. 
The fit achieved by the Class C prediction can be illustrated by 
the measured and predicted pore-pressure time-histories in Fig-
ure 4. These histories show the excess pore-pressures close to 
the end wall of the model container and at the centre of the bed 
at 12m depth. In both cases, a very good match was achieved 
between centrifuge test data and FE results. 

 Figure 4: Results of Class C prediction for a level sand bed. 

3 DYNAMIC CENTRIFUGE MODELLING 

Dynamic centrifuge modelling is a technique by which the be-
haviour of a small-scale physical model under dynamic loading 
can be made homologous to that of a large-scale prototype. The 
basic principle is that by increasing the gravitational accelera-
tion by the same factor as the model dimensions are reduced, 
the stresses and strains at corresponding points in the model and 
prototype are identical and hence identical behaviour is ob-
served in the model and prototype. Scaling laws can be derived 
to convert quantities measured in the model to be converted to 
their prototype equivalents. These can be found in Schofield 
(1981).

3.1 Centrifuge Model 

The centrifuge model can be seen in Figure 5 which shows the 
bridge pier with its associated instrumentation in its pre-test 
configuration inside a flexible ‘equivalent shear beam’ model 
container. 

Figure 5: The centrifuge model bridge structure 

3.2 Earthquake input motion 

The input earthquake used was recorded in a previous centri-
fuge test. This earthquake had a nominal frequency of 1Hz and 
a nominal duration of 10s. The input acceleration is shown in 
Figure 6. It can be seen that the peak prototype acceleration is 
0.32g though if frequencies above 4Hz are filtered out this falls 
to 0.18g. 

Figure 6: Input motion (prototype scale). 

Model edge
4 RESULTS 

The results predicted by the numerical modelling and measured 
in the physical model will be discussed in three groups. 

1. Accelerations and displacements of the bridge su-
perstructure. 

2. Pore-pressure rise measured in the foundation soil 
3. Acceleration transmission through the foundation 

soil
Model centre

Whilst the first set of results are the results with the greatest 
implications for bridge design, good matching in the second and 
third sets of results will give confidence that the correct mecha-
nism of behaviour is being predicted. 

Further details and discussion of the results and their impli-
cations can be found in Coelho et al. (2004). 

4.1 Superstructure response 

4.1.1 Settlements and rotations 
The settlement and rotation of the bridge pier were measured 
with LVDTs measuring vertical settlements of the two sides of 
the foundation. The average of these two measurements gives 
the settlement of the pier, whereas their difference indicates ro-
tation. Figure 6 shows the predicted and measured settlements 
and rotations during the earthquake. It can be seen that the pre-
dicted pier settlements fall within 25% of those observed in the 
physical model tests, with the prediction of virtually no accu-
mulated rotation and a maximum transient rotation of 0.01 radi-
ans is almost exactly correct. 
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Figure 6: Settlements and rotations of bridge pier 

4.1.2 Superstructure accelerations 
The accelerations of the bridge superstructure can be seen in 
Figure 7. It can be seen that whilst during the first two cycles of 
the earthquake, during which significant accelerations are trans-
ferred to the bridge, the code performs very well, during the lat-
ter stages of the shaking, significantly higher accelerations are 
measured in the centrifuge model than were predicted by the FE 
model, especially at the deck level (possibly due to transfer of 
acceleration from the supports on the end walls of the box). 
This may not be a problem for design, as structural strength 
tends to be dictated by the peak acceleration transmitted to the 
superstructure, rather than by the behaviour after this peak is 
reached.  

Figure 7: Accelerations of bridge superstructure 

4.1.3 Soil accelerations  
It can be seen from Figure 8 that the accelerations predicted 
within the soil match very closely with those measured, both 
early in the earthquake when significant accelerations are 
transmitted through the soil bed, and later in the earthquake 
once significant pore-pressures have been generated and little 
acceleration is transferred. 

Figure 8: Soil accelerations 

4.1.4 Excess pore-pressure generation 

Figure 9: Excess Pore-pressures in the soil bed. 

It can be seen from Figure 9 that whilst the pore-pressures gen-
erated at depth match well with those predicted by the FE code, 
closer to the bridge structure under the influence of high static 
shear, the match between predicted and observed behaviour is 
poorer. This might be expected, as the model was calibrated us-
ing a model test in which high static shear is not present. Any 
parameters within the numerical model affecting this aspect of 
the soil’s response will thus not be well calibrated. 

5 CONCLUSIONS 

With well calibrated constitutive parameters, current dynamic 
finite element codes can produce good predictions of the behav-
iour of soil-structure systems under dynamic loading. It has 
been seen, for example, that the displacements and peak accel-
erations suffered by the superstructure have been adequately de-
termined. The performance of the codes in predicting the details 
of behaviour close to the interface between soil and structure 
where significant interaction occurs is, however, less successful. 

The details of the interaction between soil and structure are 
important for understanding the full system behaviour, but an 
accurate prediction of displacements and accelerations transmit-
ted to the superstructure is an invaluable input into the design 
process.
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