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1 PREAMBLE

The technical session covered the general theme of modelling in
geotechnical engineering with a particular focus to constitutive
models. Physical modelling, which is another underpinning
element of geotechnical modelling, was also discussed. The
format of the technical session was as follows:

The general reporter opened the session by presenting the
main findings from the review of the 21 papers accepted in the
Modelling session. A list of key issues was identified from
those findings and further discussed in the technical session.

Four panelists then followed with brief presentations on the
key issues previously identified by the general reporter, and on
any other related topics. The floor discussions then ensued. The
line up for the technical session panel was the following.

1. Chairman: Prof. F. Molenkamp, Delft University of
Technology, The Netherlands

2. General Reporter: Prof. R. Wan, University of Calgary,
Canada

3. Secretary: Prof. T. Noda, Nagoya University, Japan

4. Panelist 1: Prof. I. Vardoulakis, Technical University of
Athens, Greece

5. Panelist 2: Prof. R. Charlier, Université de Li¢ge, Bel-

gium

Panelist 3: Prof. M. Bolton, Cambridge University, UK

7.  Panelist 4: Prof. S. Springman, Swiss Federal Institute of
Technology ETH Ziirich, Switzerland

o

2 PANEL PRESENTATIONS

The general reporter categorized the 21 papers of the modelling
session into (a) constitutive modelling, (b) micro-structural is-
sues, (c) reinforced soils, and (d) other applications. It was re-
called that constitutive modelling generally follows two distinct
approaches, namely phenomenological and micromechanical,
depending on the level of resolution of the description.

The issue of micro-structural dependencies on the behaviour
of geologic materials is now well recognized, so that either
purely micromechanical or continuum-micromechanics based
constitutive models have become an attractive and a viable al-
ternative to conventional models. Failure mechanisms observed
in geotechnical engineering problems are all micromechanically
related, and as such prompt the question of material instabilities,
existence/well-posedness of solutions, and strain localization.

Rather than going through a systematic review of each paper
accepted in the technical session, the general reporter’s presen-
tation highlighted some of the contemporary concepts and

issues faced in modelling research. For instance, mention was
made on the avant-guardist concept advanced by Gudehus
(2005) which pertains to the notion of state limits, attractors,
and grain skeleton hardness to characterizing the behaviour of
sand- and clay-like materials under a unified framework such as
hypoplasticity. The modelling of rate effects as a true material
viscous property using so-called isotach and non-isotach behav-
iour concepts was also raised in the general reporter’s presenta-
tion.

Finally, micro-structural issues as manifested in the behav-
iour of structured (natural) soils, and in the failure of soils in the
form of shear band including ratcheting effects were also dis-
cussed. In order to set the scene for further discussions, the fol-
lowing key issues were also put on the table for discussion.

1. There are too many complex constitutive models with a
large number of parameters whose determination is un-
wieldy. What is the purpose of modelling and how do we
establish a robust framework within which an elaborate
model can be built?

2. There seems to be a disconnect between constitutive model
developers and practising engineers since advanced consti-
tutive models never filter down into practical applications
and design. How do we rectify the situation?

3. Soil behaviour is dominated by its microstructure, dila-
tancy, grain crushing and strain localization. How do we
measure energy dissipation during shear dilatancy?

4. There is a variety of numerical methods such as finite ele-
ments, finite differences, and discrete elements at our dis-
posal. Which one should we use to model geotechnical
structures and to what resolution should we model?

2.1 Panelist 1: Prof. Vardoulakis

The issue no. 3 raised by the general reporter and pertaining to
microstructure and energy dissipation in soils was addressed by
the first panelist.

The presentation started with an observation made by Leo-
nardo da Vinci some 500 years ago during a systematic study of
friction in which he found that for an odd number of particles in
contact, both rolling and sliding friction could occur at any
time. Indeed, in soil mechanics problems, discrete element
modelling has revealed the existence of large vorticities among
grains set into rolling when a simple shear motion is imposed on
a soil volume as shown in Fig. 1.
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Fig. 1. Vorticity cells in a granular material subjected to shear motion as
calculated from discrete element modelling (Alonso-Marroquin & Var-
doulakis, 2005)

It is speculated that this rolling motion tends to reduce the
frictional dissipation with respect to simple shear, and hence,
readily demonstrates that we need to examine the micromechan-
ics at the grain level in order to understand the behaviour of
soils. Numerical simulations based on the discrete element
method further show that the vorticity cells formed during
granular flow are short-lived in contrast to the case of a Newto-
nian fluid where vorticities live for ever.

It is interesting to point out that shear banding does not in-
volve a simple shear mode of deformation as commonly thought
of. Rather, it has been demonstrated that shear banding entails
an instability phenomenon in which the kinematics of deforma-
tion refers to three principal activities, namely, (i) grain motion
organized in very short-lived vorticity cells, (ii), prominent
grain rolling at boundaries of vorticity cells leading to a lubrica-
tion effect between cells, and (iii) generalized grain contact slid-
ing. It is the rolling motion of the grains that sets a dry granular
material in motion such as in vibro-fluidization. On the other
hand, it is difficult to mathematically describe the sliding and
rolling contacts, and hence the correct writing of energy dissipa-
tion in granular media which is always in the background of all
stress-dilatancy models is problematic.

The above also raises the issue of describing granular media
via thermodynamics, while there is no systematic calorific
measurement in granular materials that exists, with the excep-
tion of the work of Luong (1986) in which surface IR (infrared)
images of a trixial specimen were taken during shearing. From
the practical viewpoint, correct estimates of heat dissipation are
important for the dynamic thermo-poro-mechanical analysis of
catastrophic landslides such as the famous Vaiont Slide in 1963.
It is plausible that the mechanical energy associated to a rapid
shear in a thin clay layer can dissipitate considerable heat so as
to cause thermal pressurization of the pore water and a catastro-
phic loss in strength. Therefore, this conjecture of thermal dissi-
pation in soils and impacting on pore fluid pressure as well as
strength needs to be proven via proper experimental means.

2.2 Panelist 2: Prof. Charlier

Prof. Charlier addressed the question of “How can we improve
the use of numerical methods in current geotechnical practice?”
relating to issue no. 2.

It was pointed out that, despite all the developments in con-
stitutive models arising from a better understanding of soil be-
haviour, finite element analysis is not being routinely used in
geotechnical design. Yet, there are many geotechnical problems
which are ‘complex’, requiring the coupling of several time de-
pendent processes such as temperature, fluid transport and de-
formations, while at the same time these processes need sophis-
ticated analyses of the finite element type.
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Fig. 2. Nodal velocity field in a foundation substratum crossed by a fault

Several examples in which finite element modelling is the
only available tool for proper analysis were also illustrated. The
case of an important bridge pier (Pays de Li¢ge Bridge) founded
in a faulted substratum (Fig. 2) was shown whereby conven-
tional design tools would not have been adequate.

Ultimate state or performance based design is being increas-
ingly used such that deformations and settlements are of par-
ticular interest. In the case of the bridge pier foundation, the fi-
nite element modelling based on an elasto-plastic analysis aided
to the understanding of the physics of the foundation stresses
and deformations, with the consideration of potential fault
movement.

Another example that was discussed related to an elaborate
analysis of a pile group involving three-dimensional stresses,
soil-structure interaction, creep in the soil and concrete, as well
as the load distribution in each pile as a function of spacing and
variability in concrete strength. In this particular example, the
finite element analysis gave invaluable information on the time
aspects of deformations, i.e. delayed settlements as a result of
viscous behaviour of the soil. Finite element modelling also
provides insights in the way a geostructure behaves, especially
under circumstances where coupled transport processes are in-
volved. These problems require accurate constitutive models
describing unsaturated soil behaviour, thermal dependence of
material behaviour, and localization effects under extreme load-
ing conditions.

A good example to illustrate the above-mentioned issues is
the design of a repository in a clay formation for disposing ra-
dioactive materials. The issues at stake are the formation of
shear band like deformation patterns around the opening due to
both mechanical and thermal loading, combined with transport
phenomena involving radionuclides through the damaged zone,
and hence contamination. This is an instance where coupling of
various pieces of physics such as the Thermo-Hydro-
Mechanical (THM) modelling is of utmost importance.

2.3 Panelist 3. Prof. Bolton

Prof. Bolton focused his presentation on the aims of soil charac-
terization, bearing in mind that any mathematical modelling
should first start with a physical understanding of the phenome-
non at hand. Soil characterization should aid decision making,
but the question is whether geotechnical engineers can correctly
decide what aspects of behaviour to expect when faced with real
soils.

Prof. Bolton further remarked that most soil textbooks dis-
tinguish cohesive from granular soils, while in reality, a natural
duality between clay- and sand-like behaviour exists. To illus-
trate this point two examples were introduced, namely: (i) the
crushability of granular soils where they become as compressi-
ble as clays, and (ii) the creep of stiff clay slopes where the be-
haviour resembles that of dense sand. In the above two exam-
ples, the understanding of the physical phenomenon is of vital
importance, and thereafter guides any subsequent numerical or
theoretical modelling.

A simple experiment shows that when sand is loaded in be-
tween two platens at 10 MPa of stress, silica grains fragment



and crush into a compressible powdery material that falls into
the voids of the primary sand matrix which is of lower com-
pressibility. This newly formed fine material can be then
washed away by a fluid such as in the case of an oil reservoir
whereby the so-called sanding problem arises with particles be-
ing produced together with the oil, which is problematic to the
oil producing industry. It is argued that classic soil mechanics
cannot describe such a phenomenon, and one must resort to
both physical and numerical modelling for its understanding.

The crushing of grains can be further elucidated in discrete
element modelling where aggregates of pre-bonded solid grains
break at local grain contacts when an assembly of such aggre-
gates is being loaded in order to mimic grain crushing. Interest-
ingly, the numerical simulation reveals that the plot of percent-
age of bond breaking against the logarithm of stresses leads to a
line which closely resembles the isotropic normal compression
line as plotted in the void ratio versus logarithm of effective
stress axes. Furthermore, simulation of constant p’ tests, reveal
the critical state line, see Fig. 3.
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Fig. 3. Trends of bond breakage during isotropic compression and then
shearing at constant p’ — similarities with isotropic compression and
critical state lines — after Cheng et al. (2005)

Simulations deciphers the underlying physics of deformation
whereby bond break and new particles are formed, giving rise to
a change in particle size distribution during deformation, with
shear strains being an important component in the constitutive
relationship in determining the critical void ratio.

With grain crushing taking place, one is faced with a new
material characterized by a critical state line different from the
virgin material. Prof. Bolton suggests that the normal compres-
sion line in sand is attributed to grain crushing and evokes a
similarity between sand and clay compressibility with higher
grain strength placing sand stresses a factor of 1000 times
higher than that for clay agglomerates. However, the cohe-
sive/granular distinction being made solely on compressibility is
an open question.

The second example that was presented relates to the creep
behaviour and the deterioration of stiff clay slopes subjected to
climatic loadings in the form of fluctuations in humidity with
the seasons. To examine this interesting boundary value prob-
lem, one resorts to physical modelling in the centrifuge where
the progressive creep of an over-consolidated kaolin slope is
studied. The pore pressures, including suction, as well as dis-
placement fields were measured as the slope was subjected to
seasonal boundary conditions in relative humidity at the free
surface of the slope. The swelling and shrinkage of the slope
during the wet and dry season phases respectively were cap-
tured.

There is a phenomenon of ratcheting over the cycles
whereby the swelling is not completely cancelled by shrinkage
during the drying phase, so as the slope continues to move in
time with a build up in shear strains, and the strength deterio-
rates. This phenomenon of having a net dilation (swelling)

during the cycles is analogous to the concept of dilatancy and
cyclic ratcheting as understood for sands.

In the case of clay slopes, this ratcheting phenomenon is the
underlying mechanism of delayed failure in stiff clay slopes.
More precisely, during each cycle, the mobilized shear stress
increases, and as it exceeds some critical shear stress, triggers
softening in terms of true material cohesion (if it exists). Failure
and eventual collapse occur whenever the mobilized shear stress
equals or exceeds the softened available shear stress (true cohe-
sion).

The presentation closed with a few insightful, and yet pro-
vocative conclusions in that clay and sand should be studied in a
unified framework such as critical soil mechanics that can help
in improving our understanding of compressibility, dilatancy,
and cyclic volume change. This understanding can only come
from physical tests and computer particulate modelling. It is ad-
vocated that the old approach of constitutive models is the
wrong way of addressing the questions. Subsequently, in such a
proposed framework, engineers will understand better the phys-
ics of soil behaviour and approach every problem by trying not
to mobilize any critical state strength of the soil in any geo-
structure.

2.4  Panelist 4: Prof. S. Springman

Prof. Springman followed on the topic of physical modeling and
raised the question of scale used in the experiment not being
representative of the real conditions. Too often constitutive and
numerical models are validated by physical model tests at less
than 1/100" of the scale. Moreover, key mechanisms such as
crushing are ignored, while dilatancy is over-emphasized as a
result of the low stress levels in the physical model. Therefore,
Prof. Springman advocates the use of centrifuge modelling in
which the appropriate stress level can be used to objectively
study the physical phenomenon in the original scale.

Typical opportunities for centrifuge modelling lie in the area
of offshore geotechnics and natural hazard mitigation. An ex-
ample was presented in which a boulder impact on a protective
structure during a rock avalanche was studied in the centrifuge.
Care was taken such that energy level involved during impact
was well represented at the prototype scale in the centrifuge, see
Fig. 4.
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Fig. 4. Physical modelling of rock fall in the centrifuge
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Then, guidelines can be formulated to the practitioner based
on physical modelling data and observations, judgement from
empirical evidence and supporting numerical/analytical model-
ling. Another example was presented on the problem of a foun-
dation in layered soil which was studied in the centrifuge in
conjunction with numerical modelling.

3 DISCUSSIONS

The discussions were centred around many issues, among oth-
ers, grain crushing, heat dissipation in soils, complexity of
models, modernization of undergraduate engineering curricu-
lum, and interaction between industry and academia.

1. Prof. Indraratna of Wollongong University, Australia,
mentioned that particle breakage and its quantification
must be included in any modelling endeavour. When
dealing with angular particles, the kinematics of roll-
ing as simply used in a discrete element model such
as the Particle Flow Code (PFC) may not be appropri-
ate. Prof. Bolton fully agreed with this comment ac-
knowledging the research that is current done by Prof.
Indraratna in Wollongong, Australia, and also replied
that, by colour coding particles, some idea of break-
age can be obtained in lab tests.

2. The conversion of mechanical energy into heat dissi-
pation is a known phenomenon in the deformation of
rock joints. Along the lines of energy processes dur-
ing deformations, Prof. Bolton mentioned that ener-
gies could be easily calculated in a discrete element
simulation.

3. Prof. Modaressi from Ecole Centrale Paris, France
commented on the DEM modelling of flow movement
of grains and the calculation of energy dissipation.
She cautioned the audience that one has to be careful
to objectively calculate kinetic energy when using a
code such as UDEC (Cundall, 1980) since there is an
inherent energy component due to damping that was
artificially introduced in the algorithm. The latter var-
ies as a function of how much damping has been used
in the calculations to achieve stability in numerical re-
sults. The general reporter seconded and supported the
same view.

4.  Prof. Safiullah from the Bangladesh University of
Engineering and Technology commented that more
fundamental concepts must be taught at the univer-
sity. Prof. Vardoulakis supported this idea, and in fact
went on further saying that the undergraduate engi-
neering curriculum is somewhat antiquated. Too
much emphasis is put on linear theories such as elas-
ticity, while contemporary problems are ‘complex’
and require the use of non-linear theories for their so-
lution.

5. Mr. Terzaghi from Sinclair Knight Merz, Australia
commented on the use of softwares and thought that
the industry should be more informed on the avail-
ability of modelling tools and their capabilities. Prof.
Modaressi commented that software developers are
only interested in selling their codes, while the prac-
tising engineers should be very discriminant and learn
about various assumptions made in the theory behind
the codes before using them.

6. Prof. Springman commented that people blindly be-

lieve in constitutive laws. It is a question of seman-
tics, as the word 'laws' conveys a strong sense of
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something that we have to believe without question-
ing. This is particularly true when 'law' is translated
into French or German.

7. Prof. Charlier pointed out that in geotechnical engi-
neering, we should be using more of the non-linear or
plasticity models. In structures, it is a common place
to perform analyses based on plasticity, and its con-
cept is well engrained in the culture of structural en-
gineers. The paradox is that soil is a natural material
which is by far more complex than steel, and therefore
we should be teaching more of soil mechanics and so-
phisticated analyses than structural engineering.

8. Prof. Oka commented on the issue of heat dissipation
during deformation in soils and drew the parallel with
advanced imaging techniques such as PVI (Adrian,
1991) that can be used to measure deformations in a
shear band. He was also doubtful on whether it is get-
ting more and more difficult to determine material pa-
rameters for new constitutive models as he can rou-
tinely determine parameters for his model using both
lab tests and field test data.
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