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ABSTRACT: Advances in the prediction of pre-failure ground movements in geotechnical engineering have been made using a careful
integration o f physical and numerical modelling; this is illustrated using an investigation into the deformations due to tunnel construction
in layered ground. The work has led to advances in the techniques necessary to make high quality measurements at small strains in
centrifuge model tests and the development of a constitutive model capable of predicting all features of the small strain behaviour of soil.
Measurements made during centrifuge tests are compared directly with numerical predictions using the finite element method.
RESUME: Dans le domaine de la geotechnique, des progres dans la prediction des mouvements du sol avant rupture ont ete accomplis en
integrant soigneusement des modeles physiques et numeriques: ceci est illustre a travers l’etude des deformations provoquees par la
construction de tunnels dans un sol compose de differentes strates. Cette etude a conduit a des progres dans les techniques necessaires
pour mesurer tres precisement, durant les essais de modeles a la centrifugeuse, les effets des petites deformations, ainsi qu’au
developpement d’un modele constitutif capable de predire toutes les caracteristiques du comportement du sol lors de petites deformations.
Les mesures faites durant les essais a la centrifugeuse sont comparees aux predictions numeriques, en utilisant la methode des elements

1 INTRODUCTION

2 PHYSICAL MODELLING

Advances in the understanding of geotechnical engineering
problems require the development of improved methods of
analysis. Historically, methods of analysis have been developed
using simplifying assumptions for soil behaviour which focused
on characterising soil strength rather than soil stiffness. It is only
in the last 10-15 years that accurate laboratory measurements of
pre-failure deformations have been made which have enabled an
understanding of pre-failure behaviour or stiffness to be
developed. Numerical modelling depends critically on the
accuracy of the soil models used in the analyses and hence it is
only now possible to carry out detailed calculations of ground
movements using techniques such as finite element analysis.
Conversely, due to the accurate modelling of effective stress
behaviour in a centrifuge model test it has always been possible,
in principle, to investigate patterns of deformation. Nevertheless,
to date physical model testing has also primarily been used in
investigations of mechanisms of collapse. This has been due to
the difficulty of obtaining accurate data of pre-failure
deformations from small scale models tested remotely at high
accelerations. These difficulties are being overcome by using
new advances in digital imaging and it is now possible to use
physical model tests to obtain data describing pre-failure
deformations.
The combination of numerical and physical modelling to
investigate failure has been shown in the past to be a powerful
research technique (e.g. Mair 1979, Kusakabe 1982). This paper
proposes that a similar approach to the investigation of pre-failure
deformation is equally viable and valuable. Firstly, improved
techniques for acquiring detailed deformation data from
centrifuge tests are described. Secondly a constitutive model that
can be used in finite element analyses and which is capable of
modelling the important features of pre-failure deformation is
introduced. Finally, the importance of this integrated approach is
illustrated using research into the ground movements caused by
tunnelling in layered ground.

2.1 Background
In physical modelling the key criterion is that effective stress
paths should be simulated accurately. In geotechnical structures
this will only be possible if stresses due to self weight are
modelled correctly. The only convenient method of creating the
appropriate initial distribution of stress with depth using a small
scale model (1:A0 is to accelerate the model to N gravities in a
geotechnical centrifuge. The inertial acceleration field created by
a centrifuge is equivalent to an artificial gravity field, such that
small models represent larger prototypes as illustrated in Figure
1. Further discussion on the role and possibilities of centrifuge
testing can be found in Taylor (1995).
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Figure 1. Principle of centrifuge modelling.

The preconsolidation history of centrifuge models can be
specified, the distribution of vertical effective stress prior to an
event is known and hence the event is well controlled. As is the
case for numerical modelling, physical modelling may require the
simplification and idealisation of some aspects of a prototype
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of the targets in the object plane, Figure 4. Any point can then be
related to a Cartesian co-ordinate system appropriate to the
model.

event. Nevertheless, a physical model test will provide data that
will allow an investigation of modes of behaviour (Bolton and
Powrie 1987) and confirm or contradict the validity of methods of
analysis (Morrison and Taylor 1994). The use of data from
physical model tests to help in the evaluation of numerical
analyses is particularly valuable.

2.2 Sm all strain measurement in physical models
In order to use physical models to investigate the serviceability of
a geotechnical structure it is necessary to measure deformations
in the soil that might occur at or close to working conditions.
These deformations might typically result in a range of strains of
between 0.1% and 5% with the higher strains occurring close to
the loaded or unloaded boundaries.
Deformations can be
measured to this accuracy at the boundaries of the model using
LVDT displacement transducers (Stallebrass and Taylor 1997),
but these measurements do not provide real insight into the
patterns of deformation within the soil.
It is possible to measure deformations in the surrounding soil
using buried transducers but a more efficient approach is to track
targets. The targets are inexpensive and can be placed, for
example, in a relatively dense grid in the vertical face of a plane
strain model without affecting soil behaviour; the targets and the
model are then viewed through the front window of the model
container. The technology is concentrated in the system that
tracks the targets. In the past targets were tracked using high
quality photographs taken at periodic intervals using a camera
mounted off the centrifuge and with the model illuminated by a
synchronised high speed flash. These gave reasonable accuracy
but could not provide comprehensive information during the
event. Now the use of closed circuit television (CCTV) cameras
for image processing is increasingly common. Figure 2 shows a
typical plane strain centrifuge model with instrumentation
measuring boundary movements and markers for use with an
image processing system coupled to miniature CCTV cameras.

Figure 3. Digitised image from the CCTV camera in flight.

Figure 4. Calibrated positions of the targets from Figure 3, in the
clay layer only.

displacem ent transducers (LVDTs)

Figure 2. Schematic diagram of a typical centrifuge model.

2.3 Image processing
Miniature CCTV cameras mounted close to the model provide
good images of the targets, but these images are distorted due to
the camera/lens, the relative position of the camera to the object
plane and the thick perspex window of the centrifuge model
container. Calibrations are applied to the digitised images from
the CCTV camera, Figure 3, in order to produce the true positions
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Figure 5. Flow path for image processing system.

soil behaviour is not elastic, except perhaps at very small strains.
Since soil behaviour, particularly at large plastic strains is
consistent with the Critical State Soil Mechanics framework, the
non-linear recent stress history dependent behaviour of these soils
has been modelled using an extension of the Modified Cam-clay
model (Roscoe and Burland 1968) which allows elasto-plastic
deformation controlled by two nested kinematic surfaces inside
the state boundary surface. This approach follows on from the
work by Al Tabbaa and Wood (1989) who proposed a “bubble”
model using a single kinematic surface. As demonstrated by
Atkinson and Stallebrass (1991) the two kinematic surfaces are
necessary to model the two aspects of the behaviour; yield at
small strain to give a largely non-linear stress strain response and
the effect of recent stress history.
Figure 6 illustrates the model in stress space, showing the two
kinematic surfaces. The yield surface defines the onset of elastoplastic deformation when the stress-strain response is non-linear
and shear and volumetric strains are coupled. The response is
elastic only at very small strains following a significant change in
stress path direction. The history surface defines the extent of
influence of the effect of recent stress history. The surfaces
translate to follow the current stress state and the configuration of
all three surfaces, which results from the previous stress history
of the soil, determines the current stiffness of the soil. The model
is defined by three new soil parameters in addition to the five
conventional critical state parameters. All but one of these
parameters can be defined directly from stress path triaxial tests.

Figure 5 shows the present flow path for the image processing
system. Digitising images directly from the camera using a
commercially available frame grabber gives the most accurate
results, but images can also be stored on video tape for post
processing. The greatest resolution of target location has been
achieved by a template matching technique (Atkinson 1996).
Movements of the order of 1/20 of a pixel can be resolved, which
for the model tests described here corresponds to approximately
25nm.
Hardware to improve the rate of data transfer is currently being
manufactured at City University which will result in real-time
visualisation of results. Further details of the image processing
system can be found in Robson et al. (1997).

3 NUMERICAL MODELLING OF PRE-FAILURE
DEFORMATION
3.1 Background
There are geotechnical problems, such as embankments on soft
ground, where investigation of ground movements and
serviceability states requires the analysis of large strain problems
and simulation of the behaviour of normally consolidated soils.
The majority of geotechnical problems where ground movements
are critical generally involve construction in overconsolidated
soils and the prediction of movements at small strains. Twenty
years ago it was conventional to simulate the behaviour of
overconsolidated soils using linear elastic or linear elasticperfectly plastic models, but unfortunately this simplification of
soil behaviour proved inadequate. Firstly, it became apparent that
stiffnesses obtained by back analysis of field events, which were
appropriate for the strain range in the ground, were much higher
than stiffnessses obtained from laboratory tests at higher strains
(Burland 1989) and secondly the distribution of ground
movements could not be replicated (Simpson et al. 1979). This
led to laboratory testing using improved measurement techniques
(e.g. Jardine et al. 1984) and careful programmes of testing
(Atkinson et al. 1990) that helped to establish a true picture of the
pre-failure soil behaviour.

bounding surface

Figure 6. Features of the three-surface kinematic hardening
model.

3.2 Constitutive models fo r predictions at small strains
One of the major features of the stress-strain behaviour of
overconsolidated soils at small strains is that the stiffness is not
constant but highly non-linear. This finding was anticipated by
Simpson et al. (1979) who developed a bi-linear stiffness model
to improve predictions of ground movements in finite element
analyses.
Since then a number of other researchers have
developed soil models which account for the non-linearity of soil
stiffness (e.g. Jardine et al. 1986, Gunn 1993). The second and
equally significant feature of pre-failure soil behaviour is the
effect on stiffness of the immediately previous loading of the soil,
designated “the effect of recent stress history” by Atkinson et al.
(1990). Both the above features of the stress-strain response are
simulated by the three-surface kinematic hardening model which
was first described in Stallebrass (1990). The features are also
simulated by the “Brick” model proposed by Simpson (1992,
1993).

3.4 Evaluation o f the new model
The model has been implemented in the CRItical State Program
(CRISP) finite element program (Britto and Gunn 1987) by
formulating the model in general stress space using a method
proposed by Chan (1992) and outlined in Stallebrass and Taylor
(1997). The model was initially evaluated against stress path
triaxial test data and then against centrifuge model test data from
load tests on rigid circular foundations (Stallebrass and Taylor
1997). The latter analyses involving a boundary value problem
confirmed that correct modelling of the soil behaviour has a
significant effect on predictions of both the magnitude and
distribution of ground movements. This has also been confirmed
by parametric studies of both tunnels (Stallebrass et al. 1994) and
strip foundations (Stallebrass et al. 1995).

3.3 The three-surface kinematic hardening (3-SKH) model

4 TUNNELLING IN LAYERED GROUND

Evidence from the detailed tests carried out by Richardson (1988)
reported by Atkinson et al. (1990) and also from tests by
Stallebrass (1990) indicates that at overconsolidated stress states

4.1 The centrifuge model
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The centrifuge model is described diagrammatically in Figure 2.
The model has been designed to represent a 5m diameter tunnel

4.2 The fin ite element analysis

constructed in overconsolidated clay overlain by a granular
deposit. This soil profile would be typical of ground conditions
for soil deposits in the London area where following erosion of
the London Clay there has been deposition of alluvial soils such
as sands and gravels. In order to model this problem in the
centrifuge the construction of the tunnel has been idealised using
a reduction in support pressure (compressed air) contained inside
a preformed cylindrical cavity lined with a rubber membrane, as
shown in Figure 2.

The analysis was carried out using the CRISP finite element
program, in which the 3-SKH model has been implemented.
Values of model parameters for Speswhite kaolin have been
obtained from a considerable body of data from stress path
triaxial tests (Stallebrass 1990) and bender element tests
(Viggiani 1992). The 3-SKH model is also used to model the
Leighton Buzzard sand. The model is not established as an
appropriate formulation for simulating the behaviour of sand for
the full range of stress states, but using the model with carefully
chosen parameters does ensure that the non-linear stress-strain
response of the sand observed in triaxial tests is reproduced in the
analyses.
Figure 9 shows the finite element mesh, with appropriate
fixities, that was used in the analyses. The mesh consisted of
approximately 560 linear strain triangles with pore pressure
degrees of freedom representing the clay and 60 linear strain
triangles without pore pressure degrees of freedom representing
the sand. Drainage conditions in the clay were modelled
assuming coupled consolidation with drainage to the base of the
model. The permeability of the clay was calculated from the
formula given by Al Tabbaa (1987) and the pressure in the tunnel
was reduced at the rate used in the centrifuge test, lkPa per
second. The water table was at the clay/sand interface such that
the sand was dry, as in the test, and modelled as fully drained.

Figure 7. Sketched stress path for an element at tunnel axis level.

In the field all the soil would have been reloaded onedimensionally by the deposition of the granular deposit, giving
rise to the stress history shown as A-B-C in Figure 7. In the
centrifuge test this stress history is recreated as far as is
practicable by consolidating the clay (Speswhite kaolin) in the
model container to a maximum vertical effective stress of 500kPa
and then unloading back to 250kPa. The model is then removed
from the consolidation press, the tunnel is excavated, marker
beads are placed on the front of the clay and Leighton Buzzard
sand is rained onto the surface of the clay. The model is placed
on the centrifuge swing and accelerated to give a gravitational
field of approximately lOOg. The distributions of vertical
effective stress in the model during consolidation in the press and
after pore pressure equalisation at lOOg are given in Figure 8.
This leads to a stress history for the majority of the soil which is
represented by the stress path A-B as shown in Figure 7 and it is
this stress history which is replicated in the finite element
analyses.

vertical effective stress, a'v (kPa)
200

-200

400

Figure 9. The finite element mesh.

600

Great care was taken to simulate accurately the effective stress
history of the centrifuge model. The elements representing the
sand were not present in the original mesh. The first stage of the
analysis was to unload the clay from the initial state at point A (in
Figure 7) towards point B. The sand was then placed and the
gravitational force increased. In the third stage the clay elements
in the tunnel were replaced by the support pressure used in the
tests and then the clay was allowed to consolidate. Finally the
tunnel support pressure was reduced. Generating the complex
effective stress history in the early stages of the analysis requires
the manipulation of both a surcharge stress and the gravitational
force using an approach proposed by Labiouse (1997). The sand
layer was built in three stages using modifications to the finite
element program that allow this process to be used for soil
models other than linear elastic.

Legend:
_ . _
__ _
-----------

<j’v at maximum preconsolidation pressure
o’, at final pressure in consolidation press
o'v immediately before tunnel pressure reduction

Figure 8. Stress history of the centrifuge model.
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5 RESULTS

value, Smax. In general the predicted settlement troughs are wider
than the observed troughs, particularly at the clay/sand interface,
but it is not clear just from these boundary measurements what
mechanism is causing this discrepancy.

The test data obtained from the centrifuge model and the
numerical analysis will be used to explore how the availability of
a wide range of information from the real (centrifuge) event helps
in the critical evaluation of the analyses.
A general picture of the deformations around the tunnel during
the centrifuge test can be obtained by plotting vectors of
movement derived from the digital image processing, as shown in
Figure 10. The trend is for movement towards the tunnel with
vectors directed at points below the centreline of the tunnel.
There are slight fluctuations in direction and magnitude of the
vectors and these fluctuations may result from two sources;
firstly, individual targets can become partially obscured during
the test so that the template matching technique becomes less
accurate, and secondly, horizontal line jitter in the camera/frame
grabber hardware leads to noise and errors. These data could be
compared with a similar vector plot from the numerical analyses,
but this would only enable qualitative comparisons between
predictions and test data of subsurface movements; more rational
quantitative comparisons are presented later.

approxim ate volume loss at clay/sand interface
(m easured by LVDTs in centrifuge test)
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Figure 11. Displacement above the tunnel crown during the
centrifuge test and finite element analysis.
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Figure 10. Vectors of movement (magnified xlO) in the clay
layer only at a tunnel support pressure of approximately 1OOkPa
during the centrifuge test (from digital image processing). (Initial
position of markers identified by +).
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Figure 12. Normalised settlement troughs at the clay/sand
interface.
x/D

A convenient and sensible way to evaluate the predictions is to
compare the displacements at a point in the soil as the tunnel
pressure is reduced, i.e. the equivalent of a load deflection graph
for a foundation test. This provides a picture of the changes
during loading, but characterises the response of the soil as a
whole by the movement of one point. In Figure 11 data are
provided for two points directly above the tunnel crown, one at
the sand surface and the other at the clay/sand interface. The
numerical analysis predicts that there will be less displacement in
the sand by a comparable amount to that observed in the
centrifuge model. Overall, the predicted response is initially less
stiff but later stiffer than that observed experimentally. The
continuity of the model test data makes it straightforward to draw
these conclusions (field data might well be more intermittent) and
these may indicate second order inaccuracies in the constitutive
model caused by the choice of material parameters.
Figures 12 and 13 compare the distribution of deformation
around the tunnel in terms of settlement data taken from the
model test and the numerical predictions. Data are shown of
settlement at the clay/sand interface (Figure 12) and at the sand
surface (Figure 13) for two magnitudes of tunnel support
pressure, a T. The data are normalised to account for the
difference in the predicted and observed load-deflection curves.
The horizontal distance from the centreline, x, is normalised by
the tunnel diameter, D, and the settlement, S, by its maximum
667

Figure 13. Normalised settlement troughs at the sand surface.

Surface settlement data are available for many tunnelling
projects and comparison of these with predictions is common. It
is less common to look at subsurface movements, although for
heavily instrumented sites it is possible to investigate the
variation in horizontal and vertical movement with distance from
the tunnel (Mair and Taylor 1993). These measurements are
rarely sufficient to determine patterns of strains for all the soil
surrounding the structure.
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6 CONCLUSIONS
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data obtained from the centrifuge test enables both sensible
comparisons to be made and conclusions to be drawn with
confidence. Secondly, the pattern of movements can be assessed,
for example by using derived strain contours and here the
additional data from accurate image processing means that it is
easier to investigate the reasons for the differences between
predictions and observations.
Finite element analysis utilising a constitutive soil model
derived from measurements in carefully selected programmes of
high quality laboratory tests has been integrated with
observations of pre-failure deformations observed from well
controlled centrifuge model tests. This has allowed rational
quantitative assessment of the accuracy and quality of numerical
predictions and consequently gives confidence in the use of the
analysis for other applications.
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