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Abstract

In this contribution, numerical investigations of strain localization have been performed on 3D dense saturated sand
specimens subjected to triaxial loading conditions. The importance of the presence of fluid on the formation and evo-
lution of strain localization are identified by several analyses. The role of the fluid components on strain localization is
addressed computationally. The important influencing factors, such as soil permeability; water suction; draining con-
ditions and specimen geometry on strain localization development and the formation of localization pattern are pre-
sented in detail. Mesh sensitivity issues have been studied by means of both, a one-dimensional wet soil bar
subjected to dynamic compression load and, a 3D saturated specimen subjected to triaxial loads. It has been shown
that, in a multiphase material, the fluid (water) phase plays indeed an important role in strain localization. The forma-
tion and evolution of strain localization are influenced both by the material behaviour of the media and the interaction
between fluid and solid components. A companion paper focuses on the development of the constitutive model to sim-
ulate the soil response in the elastoplastic range has been addressed, and a general procedure has been developed for
determination of the material parameters of the constitutive model.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The analysis of strain localization is of importance in engineering practice because localization is a pre-
cursor to sudden failure. Localized deformations in the form of narrow shear bands are often observed to
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develop after large inelastic deformation in materials. Within this shear band, the material behaviour is ine-
lastic. The width and orientation of these shear bands depend on material parameters, geometry, boundary
conditions and loading conditions. In other words, knowledge concerning the development of the strain
localization phenomenon will also lead to insight into failure mechanisms.

Typical examples of material that prone to strain localization are frictional materials such as concrete,
rocks and soils. These materials show a reduction of load carrying capacity, after reaching the limit load,
accompanied by increasing localized deformations. The mechanism responsible for strain localization can
vary widely from one material to another. Normally strain localization is treated as the result of local inho-
mogeneities, stress concentrations or the onset of some physical mechanism that degrades abruptly the
strength of the material at one point. Alternatively, strain localization can be considered as a bifurcation
from a smoothly varying pattern of deformation, which arises as a result of instability in the inelastic
behaviour of the material.

Strain localization has been extensively studied in recent years, in particular in connection with single
phase solids. Among others Needleman (1988), Loret and Prevost (1990) and Sluys (1992), have investi-
gated the problem of dynamic strain localization in single phase solids. It is demonstrated that generaliza-
tions and modifications of standard continuum plasticity can overcome some of the numerical problems
associated with localization, like severe mesh dependence and non-convergence.

Since the end of the 70s, several authors have studied strain localization in multiphase materials.
Rudnicki (1984) analyzed a fluid saturated rock mass with an embedded weakened layer. Rice (1985) stud-
ied the effect of material dilatancy on strain localization in fully saturated fractional material. Vardoulakis
(1986) showed the importance of dynamic stability analysis in case of undrained simple-shear deformation
of water-saturated granular soil. Loret and Prevost (1991) studied the formation of localization in a fully
saturated soil specimen using dynamic strain localization theory. A model based on the general framework
of averaging theories and capable of simulating shear band dominated processes in saturated porous media
was presented by Schrefler et al. (1995, 1996).

In recent years, much effort has been devoted to devise regularization strategies to simulate the develop-
ment of shear band in multiphase materials without mesh dependency. According to studies, e.g. Schrefler
et al. (1995), Schrefler et al. (1996), Liu et al. (2001) and Liu (2003), numerical simulation of strain local-
ization in a multiphase material have evidenced that mesh dependency is not severe as in single phase mate-
rials. The reason is that in the governing field equations a gradient term is included through Darcy’s law, an
internal length scale is introduced naturally, resulting thus to a regularization for strain localization (Loret
and Prevost, 1991 and Schrefler et al., 1995). This internal length scale depends on several material param-
eters and in particular on the permeability. Reliable experimental observations have been difficult to make
and the physical understanding of the nature of the problem is not yet satisfactory.

In order to properly characterize the mechanisms of strain localization, the investigations of strain local-
ization are needed both numerically and experimentally. In recent years, several researchers have carried
out extensively numerical and experimental investigations of strain localization in biaxial tests, e.g.
Vardoulakis (1980), Tatsuoka et al. (1990), Desrues et al. (1985), Han and Vardoulakis (1991), Mokni
and Desrues (1998), Karstunen (1999) and others. Biaxial tests have proven to be suitable for the detection
of strain localization. This is because biaxial apparatus allows free shear band formation and visual inspec-
tion of the sample throughout the test.

In soil mechanics, triaxial tests are widely utilized to perform soil mechanical identifications. However,
due to the characteristics of the setup, to use these tests for the detection of strain localization is more dif-
ficult. Therefore, the mechanisms of strain localization in these tests have been investigated less thoroughly.
Lade (1982) experimentally investigated the localization effects in triaxial tests on dense sand. The test
results showed the difficulty in detecting strain localization in the test condition. Desrues et al. (1996) used
computer tomography to study strain localization in sand specimens subjected to axisymmetric triaxial
loading. The inception and the development of localization were detected and described.
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Up to now, very few numerical studies on strain localization in triaxial tests have been done, especially
for multiphase materials. To the best of the author’s knowledge, only Leroy and Ortiz (1990) illustrated the
effect of geometry and boundary conditions on strain localization in a specimen subjected to axisymmetric
triaxial loads. Harireche and Loret (1992) applied the visco-plasticity regularization procedure to study
shear band pattern transition in true triaxial compression tests.

From all the above studies it can be concluded that, due to the complexities associated with solid fluid
phase interactions, the mechanisms responsible for strain localization in multiphase material media can
vary significantly from case to case. Several problems need to be addressed such as: the role of the fluid
components in localization, the significant influencing factors in the development of strain localization,
the question of why localization pattern vary between different tests, how the constitutive model can be reg-
ularized to avoid mesh sensitivity (as it frequently occurs in single phase material simulations).

The aim of this investigation is to provide insight into the phenomenon of strain localization in fluid sat-
urated sands by means of finite element analyses. In order to achieve this goal, a fully saturated 3D sand
specimen subjected to true triaxial loads is chosen for numerical investigation. The importance of the pres-
ence of fluid on the formation and evolution of strain localization is identified. The role of influencing
factors, such as soil permeability, water suction and draining conditions will be presented. Also, the influ-
ence of specimen geometry is illustrated. Various combinations of specimen geometry and material charac-
teristics are examined.

In order to investigate the significance of the regularizing influence of the presence of the fluid on shear
band formation and mesh independency, analyses are carried out in the last part of this contribution on
strain localization in a one-dimensional soil bar subjected to dynamic compression load and on a three-
dimensional specimen subjected to triaxial loading. The influence of the permeability on the width of the
shear band is investigated numerically. It is shown that due to the presence of an internal length scale with-
in, mesh independence can be ensured.

2. Strain localization in 3D specimen
2.1. Specimen geometry and material characteristics

A fully saturated cubic 3D specimen with impermeable boundaries is selected for the numerical simula-
tions. The finite element mesh consists of 20-nodded brick elements, Fig. 1. The height and width of the
specimen are constant but the thickness is varied in the z direction. The geometry parameters of the spec-
imen are given in Table 1. Because of symmetry, only half of the specimen thickness is simulated.

A confining pressure of 150kPa is applied to all boundaries of the specimen and kept constant through-
out the analysis. Incremental displacements are applied on a rigid platen at the top of the specimen. The
left, right and front planes of the specimen can move freely in the normal direction of each plane. The bot-
tom plane of the specimen is constrained in the y-direction. In order to simulate the real test conditions,
interface elements are introduced at the top and the bottom of the sand specimen between the rigid platens
and the specimen. By adjusting the bond stiffness D, of the interfaces, the influence of the roughness of the
platen on strain localization within the specimen can be simulated.

According to experiment observations (e.g. Arthur et al., 1977; Vardoulakis, 1980; Desrues et al., 1985;
Han and Vardoulakis, 1991; Mokni and Desrues, 1998), distinct shear bands often occur in dense sand
specimens under both drained and undrained conditions. Therefore, in this study, dense sand is chosen
for the numerical investigation. The material parameters have been derived on the basis of triaxial tests
on ‘Eastern Scheldt’ dense sand and are shown in Table 1. The nonassociative constitutive model described
in the companion paper under the assumption of small deformations is chosen to simulate the material non-
linear response.
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Fig. 1. Schematic of 3D specimen geometry and loading conditions.
Table 1
Main material parameters and specimen geometry data
E (MPa) 79 g 1.795 k,, (m/s) 1.0e—04-1.0e—10
v 0.29 a 1.17e—03 ps (kg/m?) 2.0e—03
A 0.0055 by —3044 D, (MPa) 0.001-0.01
K 0.0025 dy 5.53¢e—03 L (mm) 100
n 5.04 Ke 0.47 B (mm) 50
y 0.155 K 3.5 W (mm) 10-80

2.1.1. Evolution of strain localization

The specimen in Fig. 1 consisting of 800 elements, with height L = 100 mm, width B = 50 mm and thick-
ness W = 10mm is investigated first. Initially, the deformation of the specimen is nearly homogenous. After
a vertical displacement of 0.485mm, a symmetric shear band initiated from the corners of the top and bot-
tom surfaces of the specimen, near the platens, and gradually propagated along the diagonal direction of
specimen, Fig. 2(a) and (b). As the vertical displacement increases to 1.185mm, the specimen is bulging out
more and four regions of high effective plastic strain appear symmetrically around the center of the spec-
imen, see Fig. 2(c). Finally, two pairs of dominant shear bands emanated from these defects and propagated
towards the boundaries of the specimen, Fig. 2(d).

The effective plastic strains at different vertical displacement levels along a vertical cross-section at
x =11.3mm are plotted in Fig. 3. It can be observed that the development of the plastic deformations
in the specimen starts from a homogenous state and gradually changes to an extremely inhomogeneous
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Fig. 2. Contours of effective plastic strain at different vertical displacements (D,) in a specimen with k,, = 1.0e—06m/s.
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Fig. 3. Development of effective plastic strains along a cross section at x = 11.3mm for different vertical displacements (D,).

one. The distribution of the effective plastic strain is maintained symmetrically along the cross-section of the
specimen. The higher intensity of the effective plastic strain occurs in the bands near the loading platens.
The actual deformed mesh at a vertical displacement of 1.503mm is shown in Fig. 4.

2.1.2. Effects of soil permeability

In order to investigate the influence of soil permeability on the conditions leading to the development of
strain localization, the response of specimens with permeability k, = 1.0e—04m/s, k, = 1.0e—06m/s and
k,, = 1.0e—10m/s are examined respectively. The response of these specimens, at the same level of vertical
displacement, is compared in Fig. 5. The corresponding contours of excess pore water pressure are pre-
sented in Fig. 6 (in the code, positive pore water pressure corresponds to suction).
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Fig. 5. Contours of effective plastic strain at same vertical displacement.

As expected, for the lower permeability specimen, higher water suction is generated. This higher water
suction results to increase in the shear strength of the sand and thus to reduced levels of plastic deformation
in the shear bands. The higher the water suction, the later localization will occur. It can be observed also
that the shear band thickness is influenced significantly by the soil permeability, the higher the permeability
the thinner the shear bands.

Not only shear band thickness but also the development of the shear band in the specimen is influenced
by soil permeability. For the case with higher permeability, the shear bands are initiated and developed
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Fig. 6. Contours of excess pore water pressure at same vertical displacement.

around the center of the specimen. For the specimen with lower permeability, higher water suction is cre-
ated and concentrated around the central part of the specimen, thus severe strain localization occurs only in
the bands near the loading platens.

As can be seen from the load-deformation curves in Fig. 7, for the specimen with higher permeability,
strain localization occurs at a vertical displacement level lower than the specimen with lower permeability.
This observation coincides with the experimental results.

It can be concluded that the permeability affects the degree of coupling between the solid and the fluid
phases and that it plays an important role in the development of strain localization. The lower its value, the

E3 [ ————1.0e-06m/s
Q
15 = = =1.0e-04m/s
[}
[T

0 -025 -05 -0.75 -1 -1.25 -15 -1.75 -2 -225 -25 275
vertical displacement (mm)

Fig. 7. Load-deformation curve for specimen with different permeability.
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higher is the part of the load increment taken by water and the slower is the transfer of load to the solid
skeleton. Hence coupling effects increase as the permeability decreases.

2.1.3. Effects of pore water suction

According to laboratory observations, in a drained test, depending on the stress level, granular materials
exhibit a dilatant or contractive response. In an undrained test, due to the incompressibility of the fluid, the
tendency to dilate or to contract will induce pore water pressure variations. As indicated in the previous
section, the dilatancy of the material can build up positive excess pore water pressure (suction) in the spec-
imen and hence increase the shear strength of the soil. It was already observed that the onset and develop-
ment of strain localization are related to the water suction in the specimen, Fig. 6. In this section, the
emphasis lies on the relation between water suction and the occurrence of strain localization.

The same specimen utilized in the previous section has been chosen as the numerical example. Figs. 8-10
present the plots of excess water pressure, water flow direction, as well as the corresponding effective plastic
strains in the specimen. It can be observed that initially, the distribution of the water suction field in the
specimen is nearly homogenous and only minor concentrations of plastic strain occur at the corners of
the top and bottom surfaces of the specimen, Fig. 8. In such conditions, the undrained specimen is con-
strained to isochoric deformation (i.e. deformation without volume change).

At a vertical displacement of 1.5025mm, four regions of high effective plastic strain develop symmetri-
cally around the central part of the specimen, Fig. 9(c). These cause uneven gradients of excess pore water
pressure, Fig. 9(a) and hence flow towards the center of the specimen, Fig. 9(b).

At a vertical displacement of 1.6297 mm, two pairs of dominant shear bands formed and propagated to
the boundaries of the specimen, Fig. 10(c). During shear band development, large material dilatancy occurs
inside the shear bands. As a consequence, high excess pore pressure gradients develop within the dilated
regions, Fig 10(a), and water flows mostly towards them, Fig. 10(b).

The variations of excess pore water pressure inside and outside the shear bands are compared in Fig. 11.
It is observed that, due to the contraction of sand at the beginning of loading, negative excess pore water
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pressure (compression) is built initially. As soon as the vertical displacement of the loading platen increases
to a certain value, the sand starts to dilate and hence positive excess water pressure appears. At the onset of
localization, an abrupt jump of the positive excess water pressure inside the shear band can be observed.
This jump of positive water pressure may relate to the fluid cavitation phenomena as indicated by Schrefler
et al. (1996), Gawin et al. (1998) and Mokni and Desrues (1998).
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At cavitation, the fluid phase changes to vapour, a phenomenon that occurs when the water pressure
decreases below the vapour saturation pressure. Vapour can dilate almost freely and this results to pore
volume increase in the specimen. In such conditions, the undrained specimen cannot be constrained to
isochoric deformation.

Fig. 12 presents the variations of excess water pressure at the intersection point of the shear bands and
the corresponding load-deformation curves for three dense sand specimens (indicated by cases 1-3). It can
be seen that, in all three cases, the abrupt jump of the positive excess pressure tends toward the same final
value, which means that all tests start to cavitate at the same pore pressure and also that, strain localization
takes place the moment when cavitation occurs.

These observations cannot be attributed to accidental phenomena, because in that case there would be
no reason for the pore pressure value at localization to be the same in the three cases. The results obtained
allow us to conclude that for dense sands under undrained conditions it is cavitation of the pore water that
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Fig. 12. Comparison of load-deformation curves and excess water pressure inside shear band for three undrained specimens.
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leads to strain localization, and not vice versa. These numerical observations coincide with the experimental
observations carried out on biaxial undrained tests for Hostun RF dense sand by Mokni and Desrues
(1998). They stated that in these tests localization starts only after cavitation takes place.

The magnitude of confining pressure can influence water suction in the specimen. For instance, the var-
iations of excess water pressure inside the shear band for a specimen with two confining pressures, 150 and
400kPa, are shown in Fig. 13. It can be observed that in specimens with higher confining pressure, higher
suction develops in the shear band.

As shown in Fig. 14, at the onset of localization, the magnitude of the maximum force carried by the
specimen with higher confinement is much higher than the specimen with lower confinement. It can be seen
that for specimens with higher confinement, strain localization occurs at vertical displacement levels much
higher than in specimens with lower confinement.
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Fig. 13. Comparison of excess water pressure inside shear band for specimen with different confining pressures.
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2.1.4. Effects of draining conditions

In natural sand deposits, due to rather high permeability, material failure under static loading occurs
mostly under drained conditions. Nevertheless, in some situations, undrained conditions exist. In labora-
tory tests, undrained conditions can be simulated by imposing impervious boundaries to the specimen to
prevent water flow at the specimen boundaries. Vardoulakis (1996a,b) stated that the notion of undrained
condition is meaningless on the local scale because of possible exchange of pore water between dilating and
contracting in shear bands. Therefore, it is concluded by Desrues (1996) that the undrained condition is
enforced only globally and is locally relaxed.

Experiments concerning strain localization in sands have been performed under both, drained and
undrained conditions by several researchers, e.g. Arthur et al. (1977), Vardoulakis (1980), Desrues et al.
(1985), Han and Vardoulakis (1991) and Mokni and Desrues (1998). The test results showed that, in both
conditions, strain localization can occur at least on dense and medium dense sands. However, due to the
influence of fluid flow, there are significant differences in the mechanical response between the two draining
conditions. Those differences can influence the onset and development of strain localization in the
specimen.

In order to examine the influence of draining conditions on strain localization, a specimen similar to that
used in the previous section under drained and undrained conditions has been chosen as the numerical
example. Fig. 15 presents the deformed meshes and the contours of effective plastic strains at the same ver-
tical displacement level (8 mm).

It can be observed that, under drained conditions, two pairs of shear bands intersect symmetrically at the
center of the specimen and that, severe damage occurs at the band intersection points. In contrast, in the
specimen under undrained conditions, due to the higher water suction at the central part of the specimen,
shear bands occur near the loading platens and no intersections between the two pairs of shear bands can be
observed.

The thickness of the shear band is not influenced very much by the draining condition, but the intensity
of the effective plastic strain in the shear bands is. The larger effective plastic strains are developed in the
specimen under drained conditions. This numerical observation coincides with the experimental observa-
tions presented by Mokni (1992).
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Fig. 15. Comparison of deformed mesh and effective plastic strain for specimen under different draining conditions.
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The load-deformation curves for the specimen under different draining conditions have been plotted in
Fig. 16. It can be seen that, under drained conditions, strain localization occurs at a vertical displacement
level lower than in the undrained case. For the specimen under undrained conditions, the actual magnitude
of the maximum force at the onset of localization is higher than that in the specimen under drained con-
dition. This can be explained by reference to Figs. 17 and 18 that show effective stress paths for the un-
drained and the drained specimen.

In the p’—¢ plane, under undrained conditions, as soon as the stress path crosses the characteristic line,
dilatancy occurs in the specimen. This is accompanied by pore suction and hence an increase in the mean
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Fig. 17. Effective stress path for specimen under undrained conditions.
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effective stress, Fig. 17, in comparison with the drained case in which the effective stress path coincides with
the stress path, Fig. 18.

2.1.5. Effects of specimen geometry
According to experimental observations, strain localization can in principle be found in all types of tests
(biaxial, axisymmetric triaxial, true triaxial etc.) However, depending on test conditions, it manifests itself
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Fig. 19. Plots of shear band pattern A in a 3D specimen (w = 10mm) (a) front section, (b) middle section.
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in different patterns. Desrues et al. (1985) observed complex localization patterns with two different sets of
apparatus (true triaxial and biaxial) on dry dense sand and some combinations of shear band mechanisms
in true triaxial tests. Vardoulakis (1979) and Desrues (1996) observed that specimens in an axisymmetric
triaxial test deform predominantly in a barreling mode, with no evidence of localization up to very large
imposed deformations. This behaviour is in sharp contrast to that of specimens in biaxial test, where local-
ization occurs readily after the early stages of the deformation.
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Fig. 21. Plots of shear band pattern C in a 3D specimen (w = 80mm) (a) front section, (b) middle section.
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In this investigation, similar specimens as used in the previous section are chosen to illustrate the effects
of specimen geometry on strain localization. Particular attention is devoted to the transition between local-
ization patterns. The thickness w of the specimen is varied from 10 to 80 mm in the z-direction. Because of
symmetry, only half the thickness of the specimen is simulated. A constant confining pressure of 150kPa is
applied throughout the analysis.

Figs. 19-21 present the influence of the specimen thickness on the localization patterns and the transition
between those patterns. In these figures, in order to clarify the formation of localization patterns, the front
and middle sections of the deformed mesh together with the contours of effective plastic strain are shown. A
displacement magnification factor of one is utilized in plotting these figures.

By examining first the specimen with thickness w = 10mm in Fig. 19, the shear bands are initiated and
evolve symmetrically at the mid-left and mid-right of the specimen sides, propagating at approximately 45°
towards the mid-up and mid-down directions of the specimen. As the vertical displacement increases, two
pairs of dominant shear bands are developed and emanate towards the boundaries of the specimen. It can
be observed that the localization pattern in the front section of the specimen is similar as in the middle one.
However, larger effective plastic strains occur in the bands at the middle section of the specimen. The dis-
tribution of the shear band in the specimen resembles a ‘honeycomb-like’ shape. This shear band pattern is
referred to as pattern A.

When the specimen thickness is increased to w = 50 mm, two pairs of symmetric shear bands initiate and
evolve at the middle section of the specimen, developing towards the sides and finally propagating to the
front section of the specimen, Fig. 20. During the development of localization, the specimen is bulging
out more until the deformation becomes inhomogeneous and two pairs of dominant shear bands are

Y=55mm

Y=65mm Y=70mm

Fig. 22. Localization zones inside a 3D specimen (W = 80mm) along different cross-sections.
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formed and located closely in the middle of the specimen. Higher intensity effective plastic strains occur
again in the bands at the middle section of the specimen. The distribution of the shear band in the specimen
is in ‘crab-like’ shape. This shear band pattern is referred to as pattern B.

The results for specimen with thickness w = 80 mm are presented in Fig. 21. The shear band pattern is
completely different from the previous simulations. Only one shear band initiates at the middle section of
the specimen and evolves to the front section. After significant bulging, wedge systems are formed and the
middle parts of the specimen between the bands move horizontally towards the specimen boundaries while
the main top and bottom wedges continue moving vertically. The higher intensity of the effective plastic
strain occurs again in the bands at the middle section of the specimen. The distribution of the shear band
in the specimen has a ‘pyramid-like’ shape. This shear band pattern is referred to as pattern C.

In order to clarify the distribution of shear bands inside the specimen with thickness w = 80 mm, several
cross sections along the y-axis are shown in Fig. 22. It can be observed that, due to bulging of the specimen,
cones (at location indicated as D in Fig. 22) develop inside the specimen. The cones are delimited by the
adjacent shear bands where large sliding displacements occur. The material within the cone is not signifi-
cantly damaged. In contrast to biaxial testing results, the localization zones are not perfectly planar and
separate the half specimen into four pieces of individual slipping blocks. Higher effective plastic strains oc-
cur at the center of the specimen.

In conclusion, it can be stated that, the thickness of the 3D specimen influences significantly the distri-
bution of shear bands within the specimen. Bulging of the specimen becomes significant when the thickness
is increased. Localization divides the specimen into well-defined blocks that, at the final stages of specimen
response, move with respect to each other like rigid bodies. According to the numerical observations, it is
interesting to note that the transition among the shear band patterns from 4 to C is smooth and always
associated with the specimen thickness variation.

3. Mesh sensitivity analysis

Numerical simulations of strain localization by means of the finite element method are known to lead to
mesh sensitivity when the classical continuum models without enrichment are considered. Needleman
(1988), Loret and Prevost (1990) Sluys (1992), and others have demonstrated that, the use of classical
rate-independent continuum models for strain localization simulation can result in ill-posed problems in
the numerical solution of the governing field equations. For example, loss of hyperbolicity of the equations
in dynamic initial value problem. The numerical manifestation of this pathological behaviour is the local-
ization of deformations in the finite element mesh in zones where the thickness tends to zero as the element
mesh is refined. This is against experimental evidence.

In order to obtain a meaningful representation of the continuum response in the presence of strain local-
ization, much effort has been devoted in recent years to devise regularization strategies which are able to
both, simulate the development of shear band independent of the finite element mesh and, retain the nature
of the governing equations. In the case of single phase solids, extended continuum formulations with inter-
nal length scales are widely used, such as the rate dependent constitutive model presented by Needleman
(1988), Loret and Prevost (1990) and Sluys (1992), micropolar continua (Miithlhaus and Vardoulakis,
1987), viscoplastic models as studied by Sluys and de Borst (1992), non-local integral models by Eringen
and Edelen (1972) and gradient dependent models by Miihlhaus and Aifantis (1991).

Rate or gradient dependency of the constitutive model has been shown to naturally introduce an internal
length-scale parameter into the solution of the initial value problem that can prevent loss of hyperbolicity in
dynamic equations or loss of ellipticity in static equations. Mesh independence can then be ensured.

In porous media strain localization, because of the presence of the gradient term in the fluid continuity
equation through Darcy’s law, an internal length scale is introduced naturally (Liu, 2003). This internal
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length scale depends on several material parameters and in particular on the permeability. For the case of
one-dimensional, fully or partially saturated, porous medium under dynamic loading, an internal length
scale has been derived by Zhang et al. (1999) and later extended to the three-dimensional case (Zhang
and Schrefler, 2001).

In this section, in order to investigate the significance of this regularization, numerical analyses have
been carried out both on a one-dimensional soil bar subjected to dynamic compression load and a
three-dimensional specimen subjected to triaxial loads. The findings of Zhang et al. (1999) are combined
with the proposed nonassociative constitutive model and applied to the numerical investigation of the dy-
namic response of the porous media. The influence of permeability on the width of the shear band through
the internal length scale is investigated numerically.

Example 1: One dimensional bar in compression

In the first example, the mesh sensitivity issue is demonstrated by means of a one-dimensional saturated
soil bar compression test, Fig. 23. The bar is fixed on the left end and loaded by a dynamic constant com-
pression force at the right end. The right end is free to drain while all other specimen boundaries are imper-
meable. The length L of the bar is 100mm and the cross section area is 1 mm?. According to the wave
propagation theory, when the compression wave reaches the left fixed end of the bar, an increase of stresses
due to wave reflection occurs. Therefore, in this simulation, 70% of the material compressive strength value
is chosen as the magnitude of the applied load. The ‘Eastern Scheldt’ sand is chosen as the simulation mate-
rial. The model parameters are shown in Table 1. Several permeability values are specified. In order to ver-

l< L N
< >
A
i’ 4—F
A
X E=79MPa, p=2.0e- 09 Ns”/mm’", L=0.29
Fig. 23. One dimensional bar in compression (saturated).
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Fig. 24. Effective plastic strain distribution along saturated bar with permeability 6.e—02m/s.
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ify the mesh insensitivity of the model, the finite element meshes consisting of 40, 80, 160 elements are
examined respectively.

In Fig. 24 comparisons of the effective plastic strain distribution along the saturated bar simulated with
different number of elements are plotted at time 5.74e—04s. At this moment, the compressive waves have
reached the left boundary of the bar and wave reflection has been initiated. It is obvious that the three
meshes give almost identical results. The localization zone in the bar converges to a finite bandwidth with-
out dependency on mesh refinement. Apparently, the length scale parameter naturally introduced by the
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Fig. 25. Effective plastic strain distribution along dry bar.
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Fig. 26. In time development of effective plastic strain in saturated bar with permeability 6.e—02m/s.
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gradient term in the fluid continuity equation can indeed prevent loss of hyperbolicity during material sof-
tening and hence mesh independence is obtained.

In case of a dry bar, that is, without the beneficial effect of fluid regularization, mesh dependency ap-
pears, Fig. 25. Also, as the number of elements increases, progressively thinner localization zones with high
intensities of effective plastic strain appear at the fix end of the bar.

In Fig. 26, the propagation of the localization band in term of effective plastic strain along the wet bar
has been plotted sequentially at several times. It can be observed that the width of the localization zone
increases after wave reflection but the speed of expansion of the zone diminishes gradually. After a certain
time, a constant localization band width w = 13.2mm is obtained.

The developments of the compressive stresses along the saturated bar with permeability 2.0e—02m/s has
been plotted at several times in Fig. 27. It shows the significant stress reduction due to strain localization at
the fixed end of the bar.

1.00E-02
0.00E+00 A e 5.00.05s
2 4 0 0 100 120
—4—1.5e-04s
-1.00E-02 ’DOUOOO —x— 2.5e-04s
5 %, —+—3.5e-04s
= -2.00E-02 - N \X& 4.0e-04s
73 Q
@ Oo%\\\’x& S&( -\ \ o 4.5e-04s
8 -3.00E-02 ° 5—5.0e-04s
% e - - - -5.56-04s
-4.00E-02 1= - y —o—6.0e-04s
\&' f;’_-ﬁ' —e—6.5e-04s
-5.00E-02 A —a—7.0e-04s
-6.00E-02
x (mm)
Fig. 27. In time development of x-stresses in saturated bar.
7.00E-05
6.00E-05
SN
©
§ S00E0 ~k=1.0e-03m/s
2 —k=2.0e-02m/s
b7 ™,
o 4.00E-05 —k=6.0e-02m/s
f —\xh
[d
>
£ 3.00E-05
[
S RN
]
2.00E-05 \ \ \
1.00E-05 \ \\
0.00E+00 \\
0 20 40 60 80 100 120
X (mm)
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As indicated before, the internal length scale naturally included in the multiphase material model de-
pends on several material parameters and in particular on the permeability. In order to illustrate the influ-
ence of the permeability on the width of the shear band through the internal length scale, three permeability
values of 6.0e—02, 2.0e—02 and 1.0e—03 m/s are selected for comparisons. According to Zhang et al. (1999),
the internal length scale for localization analysis in one-dimensional multiphase materials under dynamic
loading condition can be determined by

2¢y,
[~ =l ()
k, K228, O
where
E; E; -
Cm = - N=—= E, = SWQ +H 2
\/ » o’ (2)

in which a is Biot’s constant, K is the wave number, k,, is soil permeability, Q" is a parameter related to the
compressibility of the solid and the water components and A is the material softening modulus. For the
‘Eastern Scheldt’ sand, an average softening modulus 4 = —450.0 MPa is assumed. On the basis of Eq.
(1), for permeability values of 6.0e—02, 2.0e—02 and 1.0e—03m/s, the length scale is computed as
0.0096, 0.028 and 0.576m, respectively, indicating the strong influence of permeability on regularization.

The numerically determined localization zones of the three cases are shown in Fig. 28. It can be observed
that the width of the zone in the saturated bar increases indeed when the soil permeability is decreased high-
lighting thus the sensitivity of the plastic zone to the permeability values.

Example 2: Three-dimensional specimen

In the second example, the mesh sensitivity issue is demonstrated by means of a three-dimensional sat-
urated specimen subjected to triaxial loads, see Fig. 1. This specimen has a cubic shape with impermeable
boundaries. Displacement controlled loads are applied on top of the specimen throughout the analysis. The
‘Eastern Scheldt’ dense sand is chosen again for this numerical study. The model parameters are shown in
Table 1. A permeability of k,, = 1.0e—06m/s is specified for the analysis.

In order to verify mesh insensitivity of the model, in front view, three finite element meshes consisting of
200, 450, 800 elements respectively are examined. The three deformed meshes, at the same level of vertical
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Fig. 29. Deformation patterns of the three meshes (saturated).
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displacement, are compared in Fig. 29. The corresponding contours of effective plastic strain are shown in

Fig. 30.

The load-displacement diagrams in Fig. 31 exhibit proper convergence to a unique solution and the
same convergence is visible in the deformation patterns in Fig. 29 and contour plots of effective plastic

strain in Fig. 30.

It should be noted that the influences of permeability on the development of localization in this three-
dimensional specimen has been shown already in Fig. 5. It is observed that, for specimens with lower per-
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meability, the plastic zone spreads over the whole structure, Fig. 5(c).
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Fig. 30. Contour plots of the effective plastic strain in the three meshes (saturated).
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In conclusion, it can be stated that, because of the regularization provided by the fluid component, the
model can provide consistent and satisfactory modeling of strain localization in porous media and avoid
spurious mesh dependence. The regularization effect introduced by the gradient term of the continuity
equation depends on the values of permeability. As the coupling effect between the solid and the fluid com-
ponents diminishes, mesh sensitivity reemerges. This is similar to the case of a single phase solid where mesh
sensitivity reappears as soon as the magnitude of the regularizing parameter of a rate or gradient sensitive
material model diminishes, Loret and Prevost (1990) and Sluys (1992).

4. Conclusions

Strain localization has been observed in many geotechnical engineering problems. Gaining a better
understanding of the mechanics and physics of strain localization is important for design and exploitation
purposes.

Based on the numerical studies, the following conclusions can be drawn:

1. Soil permeability affects the degree of coupling between the solid and fluid phases and it plays an impor-
tant role in the initiation and development of strain localization.

2. In undrained conditions, due to the incompressibility of the fluid, the tendency to dilate will build up
water suction in the specimen. The induced water suction leads to soil shear strength increases. However,
water suction can only delay but not preclude the development of strain localization in the specimen.

3. Another important observation is that strain localization in specimens under undrained condition always
coincides with fluid cavitation. There is a physical connection between these two phenomena. It is cav-
itation of the pore water that leads to strain localization, and not vice versa.

4. The draining conditions can influence significantly the onset and development of strain localization.
Under drained conditions, strain localization in the specimen occurs earlier than in undrained condi-
tions. The magnitude of the maximum force at the onset of localization in an undrained specimen is
higher than in a drained one. The intensity of the effective plastic strain in the shear band is significantly
influenced by the draining conditions.

5. Shear band patterns depend on the thickness of the specimen. Bulging of the specimen becomes signif-
icant when the thickness is increased. As the specimen bulges, well-defined central cones develop. The
cones are delineated by the shear bands. The localization zones inside the 3D specimen are not perfectly
planar. Localization of large inelastic strains at the shear bands divides the specimen into well-defined
blocks that, at the final stages of specimen response, move with respect to each other like rigid bodies.
The transition among the shear band patterns is smooth and always associated to the specimen thickness
variation.

6. The regularization effect introduced by the gradient term of the continuity equation indeed can provide
consistent and satisfactory modeling of strain localization in porous media and avoid spurious mesh
dependence. The internal length scale naturally included in the model depends on the values of perme-
ability. As the coupling effect between the solid and the fluid components diminishes, mesh sensitivity
reemerges.
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