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Abstract

This study investigates the inherent and induced anisotropy of reconstituted kaolin samples through a series of triaxial tests
in both extension and compression under various preloading conditions. Triaxial specimens were extracted from pre-
consolidated cylinders either in the vertical or horizontal direction to assess anisotropic behaviour. Additionally, different
preshearing steps were applied to examine their influence on inherent anisotropy. Numerical simulations using the modified
Cam Clay model and the anisotropic visco-hypoplastic model failed to capture the effects of inherent anisotropy. To
address this limitation, the latter model was extended by incorporating a cross-isotropic elastic stiffness formulation. By
increasing the number of parameters and model complexity, this study systematically evaluates which parameters and
mathematical formulations are essential for accurately describing the stiffness anisotropy of reconstituted fine-grained
soils.
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1 Introduction consolidation due to the preferential alignment of particles

or aggregates, leading to a mechanical response dependent

This study investigates the influence of inherent and
induced anisotropy on the behaviour of fine-grained soil
through a novel combined experimental and numerical
approach. Anisotropy, the directional dependence of
material properties, plays a crucial role in the mechanical
response of soils. Inherent anisotropy is commonly defined
to arise from soil formation processes such as sedimenta-
tion and deposition, influenced by factors like particle
orientation, layering, and fabric. Several experimental
studies on soft soils have shown that inherent anisotropy
develops during sedimentation and one-dimensional

<l Merita Tafili
merita.tafili @ruhr-uni-bochum.de

Chair of Soil Mechanics, Foundation Engineering and
Environmental Geotechnics, Ruhr-University Bochum,
Bochum, Germany

Institute of Soil Mechanics and Rock Mechanics, Karlsruhe
Institute of Technology, Karlsruhe, Germany

Chair of Geotechnics, Institute of Civil Engineering ,
University of Applied Sciences and Arts Northwestern
Switzerland, Muttenz, Basel-Landschaft, Switzerland

Published online: 22 February 2026

on the loading direction [9, 16, 20, 33, 43, 48, 70, 72, 74].
However, some studies on reconstituted clay samples
report little to no pronounced inherent anisotropy
[11, 67,13, 21, 57]. Among one of its manifestations is the
anisotropy of the elastic tangent stiffness, which is a
complex subject and not easily to be quantified (e.g.
[16, 17, 36, 55, 75, 78]). Its impact in boundary value
problems should not be ignored as pointed out through
simulations of shallow foundations [34, 65], slope stability
problems [58], tunnel excavations [1, 19] and excavations
of construction pits [6, 18, 23, 40].

Induced anisotropy, on the other hand, is developed as a
result of external forces or boundary conditions acting on
the soil. These could include compaction, consolidation,
shearing, or stress changes due to previous loading
[20, 28, 32]. Both types of anisotropy interact and influence
the mechanical behaviour of these soils by affecting their
strength, shear behaviour, consolidation, settlement, per-
meability, and deformation characteristics [15, 28, 37]. The
interaction can either reinforce or diminish the effects of
anisotropy, depending on the alignment or misalignment of
the anisotropic structures under different loading and stress
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conditions [2, 30, 68]. Although inherent anisotropy arises
from the preferential orientation of particles within the soil
and can, in a broader sense, be considered a form of
induced anisotropy, the distinction between inherent and
induced anisotropy is commonly made in the literature.
While this separation may be somewhat artificial, it is
adopted in this study for consistency. If the induced ani-
sotropy aligns with the inherent anisotropy, it can accel-
erate consolidation and settlement along those directions.
Conversely, if the induced anisotropy opposes the inherent
anisotropy, it can impede consolidation and settlement. A
quantification of these types of anisotropy is important for
the prediction of settlements and bearing capacity of
geotechnical structures and has to be reproduced by con-
stitutive models. Many researchers have investigated the
influence of stress history and sample preparation on the
mechanical behaviour of saturated fine-grained soils cov-
ering mainly Ky or p/ = const. preloading paths
[30, 39, 59, 69-71]. The influence of an undrained shearing
path either in compression or in extension up to different
shear stresses on the mechanical response was investigated
for sand in, e.g. [25, 31]. Nevertheless, such studies for
fine-grained soils are rare to find in literature. Therefore,
the purpose of this study is to bridge this gap and provide
valuable insights in this area.

In [74] a comprehensive database with results from
undrained cyclic laboratory tests with varying boundary
conditions and load characteristics performed on a kaolin is
available. These experimental results reveal different
inclinations of effective stress paths for specimens cut out
in different directions with respect to the sedimentation
axis. Wichtmann et al. [74] included also experiments with
monotonic loading, but these were restricted to triaxial
compression. In order to evaluate the influence of the
inherent anisotropy i.e. initial secant stiffness anisotropy
(which means anisotropic stiffness tensor) also in triaxial
extension, the experiments from [74] are supplemented
here. In this study, the term initial secant stiffness refers to
the stiffness evaluated at small strain levels within the
linear portion of the stress—strain response obtained from
the triaxial tests, and should not be confused with small-
strain stiffness derived from seismic or bender element
methods. Furthermore, additional tests with different
preloading histories in both triaxial extension and triaxial
compression under undrained conditions are presented,
allowing the stress ratio to develop freely. With these
experiments, the transformation of the inherent anisotropy
with preshearing is inspected and some novel findings
depending on the cutting direction of the samples as well as
preloading deviator stress level are reported. Furthermore,
these experiments can be used for the validation and
development of constitutive models, particularly with
respect to preloading effects on the shear strength, and the
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dependence of yield surface and internal variables on the
cutting direction of the samples, overconsolidation ratio
and preloading direction (isotropic compression or
undrained preshearing) and magnitude. In this work, the
term yield surface denotes the current stress boundary
associated with the onset of irreversible deformation, as
commonly defined in elastoplasticity. In contrast, the pre-
consolidation surface refers to the historical stress limit
resulting from previous loading, as used in hypoplasticity
and bounding surface plasticity. These two surfaces fulfil
different conceptual roles and therefore do not necessarily
coincide.

Additionally, this study incorporates a numerical com-
ponent based on the anisotropic visco-hypoplastic (AVHP)
model by [41], extended to account for strength anisotropy,
allowing for a detailed comparison between numerical
simulations and the experimental results. To better capture
the influence of inherent anisotropy on stiffness, the AVHP
model has been further enhanced by incorporating a cross-
isotropic elastic stiffness formulation. By increasing the
number of parameters and model complexity, this approach
enables a systematic evaluation of the key parameters and
mathematical formulations essential for describing the
anisotropic behaviour of fine-grained soils. Furthermore,
numerical simulations were also conducted using the
widely used modified Cam Clay (MCC) model [50] and the
original AVHP model by [41] to provide a comparative
framework.

The MCC model was deliberately chosen despite its
well-documented limitations in capturing inherent aniso-
tropy, as it serves as a valuable baseline for comparison. As
a widely used elastoplastic model in geotechnical engi-
neering, particularly for describing clay behaviour, MCC
provides an effective reference point for identifying the
shortcomings of traditional models.

The AVHP model was selected due to its proven ability
to account for both viscous and anisotropic behaviour,
aligning closely with the experimental conditions of this
study. This combination of models facilitates a balanced
evaluation, comparing a conventional elastoplastic
approach with a specialised anisotropic-viscous frame-
work, ultimately demonstrating the added predictive power
of incorporating anisotropy in advanced constitutive
models.

2 Symbols and Notation

In this article, vectors and second-order tensors are repre-
sented with bold symbols, for example the effective Cau-

chy stress ¢ and strain . ||X|| = V tr X? is the Frobenius
norm of X, tr X is the sum of the diagonal components of
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X. Cauchy stresses are considered as effective ones. & is the
co-rotational, objective stress rate. The strain tensor ¢ is the
symmetric part of the velocity gradient.

In a conventional triaxial test the axial stress is denoted
with ¢’ (assuming compression as positive, and extension
as negative) and the radial stress is denoted with ¢’ (= d%).
The associated strains are & and & = &;. The Roscoe
invariants for triaxial conditions are defined as
p = (01 +0,+03)/3, q = (01— 02) and
& = (e1+ & +¢e)/3, 64 =—2/3 (1 — &). Initial values
are labelled with the subscript LIj. The deviatoric part of a
tensor is denoted by a superscript asterisk. For instance, the
deviatoric effective stress is expressed as ¢ = ¢’ — p'1.

Any symmetric second-order tensor can be written as
vector with the principal values X, = [X,X,, X3]. Bold
calligraphic letters denote fourth-order tensors (e.g. M).
Tensor operations are written following the Einstein sum-
mation convention. In particular, the indices follow the
lexicographic order: X ® Y = X;;Yy;, X:Y = X;;Y;; and
L :&= LijjDy. Second-order unit tensor I is defined as
I; = ¢;; and the fourth-order tensor 7 as Z; = 0xdj;, using
the Kronecker delta symbol §;;.

3 Laboratory tests

The present section presents the new laboratory tests con-
ducted on kaolin along with the previous results shown in
[74] and a respective discussion. The kaolin used in the
new tests is identical to the one tested by [74]. Thus, the
additional experiments presented herein are directly com-
parable to the ones included in the database on the website
of the fourth author (torsten-wichtmann.de) and serve
constitutive modellers to validate and develop further their
equations especially with respect to stiffness anisotropy
(e.g. different Young’s modulus in vertical and horizontal
direction), and the influence of drained and undrained
preloading on the mechanical behaviour of fine-grained
soils.

3.1 Material and sample preparation

All presented element tests were conducted on kaolin
powder (Kaolin K1 of the company Gebriider Dorfner
GmbH & Co. KG) which can be classified as medium-
plastic silt according to Casagrande’s I,-w;-Diagramm.
Table 1 summarises the results of index tests on the
material also referred to as Karlsruhe kaolin in literature
[13]. The grain size distribution can be found in Fig. 1. For
sample preparation, the kaolin powder is mixed with water
to obtain a slurry with a water content w being 2.5 times the

Table 1 Index properties of kaolin

Grain Liquid Plastic Plasticity Clay fraction
density p, limit w;,  limit wp  index I, (d<?2 pm)
2.675gem™3  47.2% 35.0% 12.2% 35.0%

liquid limit wy, (w = 2.5 - wy). After mixing the slurry, it is
pre-consolidated in a plexiglas cylinder with an inner
diameter of d = 130 mm applying a maximum vertical
stress oy max = 100 kPa, leading to a sample height of 7 ~
130 mm. Afterwards, triaxial samples with dimensions d =
h = 50 mm are cut out of the centre of the pre-consolidated
kaolin sample (see Fig. 2a, b), following the same proce-
dure as in [74]. Samples, prepared with this procedure and
material, was shown to be homogenous by comparing the
water content of different cubes cut from the preconsoli-
dation cylinder [74]. After Kj-consolidation in the pre-
consolidation cylinders, the samples are unloaded during
cutting and trimming and afterwards isotropically recon-
solidated. The recommended height of two times the
diameter (ensuring neglectable influence of the endplates)
could be reduced using smeared endplates with a filter
stone in the middle. The reduced height of the sample leads
to shorter consolidation time. The method was applied on
former experimental studies as well, e.g. [74] and a com-
parison with higher samples was carried out on a Norwe-
gian clay in [73].

The material exhibited inherent anisotropy in the
experimental study of [74], which involved undrained tri-
axial loading at different initial mean effective pressures on
samples that were initially isotropically and normally
consolidated. A higher stiffness was observed in the hori-
zontal direction than in the vertical one, attributed to the
preferred particle orientation (Fig. 2d). To analyze this
behaviour also in the current study, samples cut out in
horizontal direction from the pre-consolidated cylinders are
examined as well. For these samples in a first step a cube is
cut out vertically from the pre-consolidated sample as
presented in Fig. 2c. Afterwards the cube is rotated by 90°
before cutting the final triaxial sample out of the cube.
Additionally, a sample cut out in diagonal direction, i.e.
45°, is considered.

Finally, the sample was mounted into the triaxial device.
A backpressure in the pore water of 5S00kPa was used. The
saturation of the specimens was verified using the
Skempton parameter B. In all tests, the criterion B > 0.95
was satisfied, in accordance with DIN EN ISO 17892-9 [8].
The performed monotonic triaxial compression and
extension tests as well as experiments with different
preloading steps are discussed in Sects. 3.2 and 3.3,
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Fig. 1 Grain size distribution of the ground kaolin powder

respectively. The final undrained shearing stage was con-
ducted up to 20-25% axial strain, with all tests exhibiting
strain localization as the dominant large-deformation
mechanism. Approximately 30% of the tests were repeated,
demonstrating satisfactory reproducibility.

3.2 Monotonic triaxial tests

[74] discovered that the tested material presents an inherent
anisotropy arising from the deposition mode and shape of
the particles. This was shown by employing different cut-
ting directions of the tested specimen under undrained
triaxial compression. In this work, those experiments,
along with new ones under different loading conditions
including triaxial extension, are presented. To investigate
the influence of the sample’s cutting direction on its

: E :“7_..7‘.') I
inglfBBly, - 4T, 1

kaolin'surface tm
preconsolidation cylinder

(a) Kaolin in preconsolidation cylinder prepared for

cutting the sample

(c) Cutted cube to produce samples with horizontal

cutting direction

Fig. 2 Sample preparation
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mechanical behaviour, Fig. 3 shows triaxial compression
tests on samples cut out vertically, horizontally (for
reproduction purposes), and at a 45° angle (from [72]).
Both, the sample with a horizontal and 45° cutting direc-
tion show a less contractant behaviour than the vertically
cut out sample and therefore reach a higher shear strength.
The stress path of the sample with a cutting direction of 45°
lies between the one of the horizontally and the vertically
cut out sample. Therefore, the vertical and horizontal cut-
ting direction are presumed to be the two limit cases,
between which the other cutting directions may lie. For the
further test series only samples with horizontal and vertical
cutting directions will be used.

An overview of the monotonic test series is given in
Table 2. Hereby, the database of [74] (M02-MOS5 in
Table 2) is extended by respective experiments in both
triaxial extension and compression with samples cut out
either in horizontal or vertical direction as listed in Table 2.
In this series of tests the samples were isotropically con-
solidated to different effective mean pressures pf, =
{100, 200, 300, 400} kPa. After the completion of con-
solidation under the desired mean pressure, the drainage
was closed and the vertical displacement was increased or
decreased to match triaxial compression or extension
conditions, respectively. The displacement was controlled

(b) Cutted sample from preconsolidation cylinder, end
surfaces are not yet prepared

g

(d) SEM microscopy of a dried kaolin sample
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with a constant rate of s§= 0.025 mm/min (
€~ 0.05%/min) in all tests. Note that all loading paths
with a change in deviator stress have been performed under
isochoric (undrained) conditions, whereas the paths along
the isotropic axis (in Sect. 2.3) have been performed by
open drainage (hence under drained conditions).

Fig. 4a shows the effective stress paths of all monotonic
tests in the p’ — ¢ plane. The corresponding g — &; diagram
is given in Fig. 4b. The tests on samples cut out in vertical
direction (red) are compared to tests on samples cut out in
horizontal direction (orange). The stress paths of the
compression tests on vertically cut out samples are inclined
to the upper left of the p’ — g diagram and show contractive
behaviour, i.e. a reduction of the effective mean pressure p’
because of increasing pore water pressure Au except the
final stage. When approaching the maximum deviator
stress a drop of the shear strength of approx. 5-20 kPa
(increasing with the initial mean effective stress) is expe-
rienced. At this stage the axial strain has already reached
large values ¢ > 15%, hence a homogeneous strain dis-
tribution within the sample cannot be guaranteed anymore.
The samples with a horizontal cutting direction respond
less contractive, show a steeper effective stress path and
therefore reach a slightly higher deviator stress when
sheared under triaxial compression.

In triaxial extension the behaviour is opposite to the one
of the compression tests. All samples sheared under triaxial
extension show a prevented contractancy after an initial
prevented dilatancy, which contrasts the purely contractive
tendencies in the triaxial compression tests. Furthermore,
the samples cut out in vertical direction show steeper
effective stress paths resulting in an increased shear
strength compared to horizontally cut out samples. The
instant drop of the deviator stress indicating localisation of

100 7
preconsolidation
cylinder _‘,’J/
T 80 7
o
=
@ 60
%]
o
@
S 40 %
© sample cut
> - 02
) vertical N
0O 20+ ;
horizontal
= 45 degree
0 I I I

0 20 40 60 80 100 120

Mean effective stress p' [kPa]

(a) Effective stress paths in the p/-¢ plane

Table 2 Test program on normally consolidated samples with a dis-
placement rate of s = 0.025mm/min (strain rate &~ 0.05%/mm),
tests M02-MO5 from [74]

Test Cutting direction Do Triaxial ey
kPa

MO02 Vertical 100 Compression 1.332
H100K Horizontal 100 Compression 1.248
V100E Vertical 100 Extension 1.281
HI100E Horizontal 100 Extension 1.248
MO03 Vertical 200 Compression 1.332
V200E Vertical 200 Extension 1.247
MO04 Vertical 300 Compression 1.244
H300K Horizontal 300 Compression 1.087
MO5 Vertical 400 Compression 1.214
V400E Vertical 400 Extension 1.061
H400E Horizontal 400 Extension 1.004

shear strains starts already at an axial strain of ¢; > 7% in
triaxial extension, especially for vertically cut out
specimens.

The increase of undrained shear strength in triaxial
compression for horizontally cut out samples compared to
samples cut out in vertical direction is in good agreement
with the triaxial compression tests presented in [4, 33]. [4]
further reports a strong influence of particle-size gradation,
which means the silt content, the clay content, and the
plasticity index on the anisotropic stress—strain and
strength characteristics of vertical and horizontal triaxial
specimens of cohesive, fine-grained soils, including the
comparable kaolin clay from Connecticut, New Canaan.
On the other hand, [33] observed the lowest strength for an
inclination angle of 60° between the consolidation axis and

100
< 80
o
X b
> 60 /
[%2]
o
5 /
5 40 [
© sample cut
3 vertical (M02)
0 2 horizontal (H100K)

45 degree
0 I I I
0 5 10 15 20 25

Axial strain €1 [%]

(b) Deviator stress g vs. axial strain &1
Corrected strain for the sample under 45° due to issues

with the interconnection of the loading piston

Fig. 3 Monotonic triaxial tests on kaolin with vertically and horizontally cut out samples. CSL denotes the critical state line
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the vertical axis of the triaxial device. In contrast, the
results presented in Fig. 3 reveal that for the considered
kaolin samples, the highest undrained shear strength is
observed in specimens extracted with a horizontal cutting
direction (0°). The undrained shear strength of specimens
prepared with a 45° cutting direction appears to fall
between the values obtained for horizontally (0°) and
vertically (90°) oriented samples. While this suggests a
potential correlation between the cutting direction and the
shear strength, additional experimental data are required to
substantiate and further elucidate the observed trends. In
this regard, Toyota et al. [70] describe a dependency of the
undrained shear strength from the angle Ao between the
major principal stress during preconsolidation and during
shearing based on hollow cylinder experiments. Thereby,
the undrained shear strength increased with decreasing Ao
A representation of Aw for the loading and boundary con-
ditions considered in this work is given in Fig. 5. In the

case of a vertically cut out sample, the major principal
stress directions during preconsolidation and shearing in
triaxial compression are aligned (Aa = 0°), whereas for
shearing in triaxial extension, they are perpendicular
(Ao = 90°). Conversely, for horizontally cut out samples,
the opposite holds: in triaxial compression, Ao = 90°,
while in triaxial extension, Ao = 0° (see Figs. 5 and 4).
The experiments in this study indicate an increase in shear
strength with increasing Ao, i.e., higher shear strength for
Ao = 90° (see Fig. 4), which contradicts the results pre-
sented by [70]. This may be due to the different materials
or the differences in the preconsolidation. The samples in
[70] where pre-consolidated under Ky conditions and prior
to undrained shearing were subjected to an undrained
reduction of deviator stress until the p-axis was reached
(i.e. ¢ = 0 kPa). Hence, even though both experiments start
from an isotropic stress state, the preconsolidation history
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05
200 - =W
< 100 |- I, -=~"~.M03 |
o (4
%— A~ M2
g or -
v)' 4
S VIOOE .’ 1
g -100 v2ooE [ .
3 /
’l

-,

-200 - V400ES==~ i sample cut i
horizontal
vertical

-300 L I I

-40 -20 0 20

Axial strain €1 [%]

(b) Deviator stress ¢ vs. axial strain &,

200 -
© 100 P -
=
o
1]

@ 0 v
2 V100E / '

. »*V200E /

o -~ ’ »

& -100 Po=0% s
® Ao =90° 7/

o ,/

200 H____sample cut N/ vaooe
vertical CS{
horizontal

_300 T T 1 1

0 100 200 300 400
Mean effective stress p' [kPa]
(a) Effective stress paths in the p’-q plane

15 T T I T

\ sample cut
1.4 _\\ vertical a
N o horizontal
T O3RN -
g > T R -
=) 1.2 L ~ ? s  Beccccemccccns LA
© N ~-_N
o CS ~ = QL. -
S 11f S~ ]
-&\- coeod
~ ~
1 So A
0.9 | | | |
0 100 200 300 400

Mean effective stress p' [kPa]

(c) Void ratio vs. mean effective stress p’

Axial strain g1 [%]

E 300 T I
X, sample cut MO
3 250 [ vertical e
=
g 200 H horizontal / oz
w0 ==
$ 150 / - —
a M03
(O] -~
& 100
= M02
3 0 f
% V100E §1
£ -50
-20 -10 0 10 20

(d) Excess pore pressure Au vs. axial strain &1

Fig. 4 Monotonic triaxial tests on kaolin with vertically and horizontally cut out samples
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horizontal
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Fig. 5 Overview of presented combinations of cutting direction of the sample, major principal stress direction during preconsolidation and during

final shearing

Table 3 Presented triaxial tests with different preshearing histories. All tests were conducted on vertically cut out samples with a displacement

rate of § =0.025 mm/min (strain rate ¢ ~ 0.05%,/min)

Test Triaxial P50 Po.1 Poa €1 €2 OCR; OCR,
kPa kPa

Comp2 Compression 500 500 400 1.069 1.065 1.00 1.25

Comp3 Compression 300 300 150 1.167 1.165 1.00 2.00

Comp4 Compression 500 200 500 1.049 0.991 2.50 1.00

Ext 2 Extension 500 200 500 1.052 0.972 2.50 1.00

Ext 4 Extension 500 500 400 1.037 1.041 1.0 1.25

is different and may lead to a distinct behaviour in the
shear strength as will be observed in Sect. 3.3.

3.3 Triaxial tests with preshearing history

The mechanical behaviour of soils depends on many fac-
tors. One of them is the stress and strain history. In the
following, triaxial tests with different prealoading histories
are presented to examine the stress induced change of
inherent anisotropy of this kaolin. Each test contains two
undrained triaxial compression or triaxial extension load-
ing phases. Thereby, in the same test two undrained shear
paths with the same direction of axial deformation take
place on various effective mean pressures pg; and pj,
OCR; =
Poo/Pos and OCRy =pyg,/p;,, respectively. For each

corresponding to overconsolidation ratios
sample, the values of the mean stresses pj, ; and py, , prior to
the shearing phases are listed in Table 3 together with the
initial confining pressure pj ,. The void ratios reached after

consolidating the sample under p;,, and pj, are referred to

as ep, and e, respectively. On the first starting pressure
P, the axial displacement is increased (or decreased)
under undrained conditions. At the end of this shearing
phase, the direction of displacement is reversed until the
isotropic line is reached, hence the deviator stress takes the
value go, = 0 kPa. Now, during control of the deviator
stress go» = 0 kPa the drainage is opened and the sample is
isotropically loaded or unloaded under drained conditions
until pp,. After consolidation at the second confining
pressure pp, the axial displacement is increased (or
decreased) under undrained conditions until failure. In
some of the tests the effective mean pressure p’ is increased
and decreased before the first or between the two axial
displacement steps to manipulate the over consolidation
ratio OCR as specified in Table 3. All other conditions as,
e.g. back pressure, displacement rate and sample dimension
coincide with those presented in Sect. 3.3.

The test Comp2 presented in Fig. 6 starts with a con-
solidation phase reaching the pressure p(),] = 500kPa. The

@ Springer
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following shearing applied under undrained conditions,
which compresses the sample, is stopped at g = 200 kPa.
Then the deviator stress is reversed until an isotropic state
is reached. The second triaxial compression step starts from
the confining pressure p’ =400kPa and ¢ =0 corre-
sponding to an  overconsolidation  ratio  of
OCR; = py /Py, = 1.25. The second effective stress path
shows a steeper slope than the path without preloading
steps (grey line). However, the soil response is still con-
tractive, i.e. effective stress continuously decreases during
undrained shearing. When the deviator stress reaches the
value g = 200 kPa, hence the maximum deviator stress the
sample has experienced in the past, the stress path shows a
kink and approaches the gradient of the path without
preloading. Hence, at this stage the specimen exceeds the
highest preloading stress and thus reaches the normally
consolidated envelope (OCR = 1) and behaves like a vir-
gin specimen in further loading path (compare with the
slope of the path without preloading). At the end of the test

Table 4 Parameters of MCC for Karlsruhe kaolin

v K A M

0.33 0.05 0.13 0.942

with preshearing, the same critical state line (CSL) as for
the monotonic tests without preloading is reached. Even
though, the overall shear strength is approx. 30% higher
than the one without preloading. These relationships may
serve as a valuable indicator for the estimation of a fast
preshearing magnitude of a fine-grained soil in order to
obtain a required stiffness (and reduce the settlements) as
well as a case study for sophisticated constitutive models.

The test Ext4 illustrated in Fig. 7 includes the same
confining pressures as Comp2, while the undrained shear-
ing is applied in triaxial extension. The first loading step
starting from the consolidation pressure pf)ﬂl = 500kPa is
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Fig. 6 Comparison between the triaxial test Comp2 with a preshearing path and the monotonic triaxial test MO5 without preloading. All tests are

conducted on samples cut out in vertical direction
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conducted on samples cut out in vertical direction

Table 5 Parameters of the reference and extended (additional o, ) AVHP model for Karlsruhe kaolin

€100 2 K* IV Dr

(O

[ G G
©)

1.2 0.08 0.07 0.015 106

24 0.0015 600

0.618 1.8 1.2

reversed when the deviatoric strain g takes the value
—126kPa. The stress path of the second loading starting
from pj, = 400kPa resembles the observations of the
corresponding path of Comp2: after reaching the maximum
deviator stress of the first loading step a bend is evident and
the gradient of the effective stress path now approaches the
slope of the corresponding path without preloading. Until
reaching the maximum deviator stress of the first loading

step the stress path shows a dilative tendency accompanied
by an increase of mean effective stress, leading to a higher
shear strength at the end of the test compared to the test
without preloading. The increase in shear strength in tri-
axial extension amounts approx. 40% compared to the path
without preloading. The axial strain at which the peak is
reached is rendered lower for the test with preloading, see
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Fig. 8 Comparison between the triaxial test Comp3 with a preshearing path and the monotonic triaxial tests M02 and M03 without preloading.

All tests are conducted on samples cut out in vertical direction

Fig. 7b Hence, a preloading increases the stiffness of the
specimen in the respective direction.

The consolidation pressures p;, ; = 300 kPa and py,, ~
150 kPa of the test Comp3 in Fig. 8 with two triaxial
compression steps are lower than those of Comp2 and
Ext4. The first shearing in triaxial compression is reversed
at g = 151kPa slightly before the CSL is reached. After
reconsolidation to p’ = 150kPa and g = 0 (resulting in an
isotropic overconsolidation ratio of OCR; = 2.00) the
second shearing step takes place. Again, the second stress
path shows a steeper slope than the paths without
preloading and the behaviour changes from contractant to
dilatant during undrained shearing, which is expected for
overconsolidated fine-grained soils [74]. There is no kink
of the stress path followed by a more contractive behaviour

@ Springer

similar to the test Comp2 because the foregoing shearing
almost reached the CSL. The initial stiffness is increased
by preloading (see Fig. 8b), while a sudden softening
behaviour of the deviator stress is observed already at
&1 > 7.5% probably due to shear band formation.

In both tests Comp4 (Fig. 9) and Ext2 (Fig. 10) the first
loading step commenced at a lower confining pressure
(200kPa = p;, | <p(,) than the second one. The axial
loading steps of Comp4 are compression paths. The test
starts with an isotropic consolidation to p’ = 500kPa, fol-
lowed by an isotropic unloading to the first confining
pressure pp; = 200kPa. Therefore the specimen has an
overconsolidation ratio of OCR = 2.5. The resultant
effective stress path in Fig. 9 is less contractive than the
one without isotropic preloading. Subsequently, the axial
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Fig. 9 Comparison between the triaxial test Comp4 with a preshearing path and the monotonic triaxial tests M03 and MO05 without preloading.

All tests are conducted on samples cut out in vertical direction

deformation is reversed at ¢ = 82kPa before reaching the
phase transformation line (the lines at which the soil
behaviour changes from contract to dilatant). After recon-
solidation to the second consolidation pressure pj, =
500kPa corresponding to OCR; = 1.0, the sample is
sheared in triaxial compression until failure. As expected
for OCR = 1.0, the gradient of the corresponding stress
path is similar to the one of a compression test without
preloading. Hence, the induced anisotropy of this specimen
is rendered rather low due to the low magnitude of
preshearing.

The test Ext2 also starts with OCR; =2.5 and
Py = 200kPa. Here the sample is first subjected to a tri-
axial extension path until the deviator stress is reversed
almost at the CSL with ¢ = —162kPa. The first undrained
shearing results in a dilatant effective stress path due to the
overconsolidation of the specimen. The second shearing
commenced at an isotropic state with p(m = 500 kPa

corresponding to OCR; = 1.0. The final stress path was
still found influenced by the former preshearing until
approaching the CSL, with the sample showing almost
completely dilatant behaviour. Note that in the case with-
out preshearing (grey line in Fig. 10a) the change between
the dilative phase at the beginning and the contractive
phase afterwards is rendered abruptly.

The overconsolidation ratio as well as the previous
preshearing plays an important role on the overall beha-
viour of the material as well as on its shear strength. While
the increase of the shear strength with OCR as well as the
arising dilatancy are commonly expected, the influence of
preshearing on the inherent anisotropy and thus on the
stiffness is dependent on the magnitude of preshearing.
Figure 11 presents a summary of all effective stress paths
of samples cut out in vertical direction, whereby different
conclusions can be made. First the distinct slopes of the
paths at pj = p67] = 200 kPa in triaxial extension can be
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Fig. 10 Comparison between the triaxial test Ext2 with a preshearing path and the monotonic triaxial tests V200E and V400E without
preloading. All tests are conducted on samples cut out in vertical direction

attributed to the influence of initial precompression of the
sample in Ext2 to p’ =500 kPa rendering OCR; = 2.5
kPa. Secondly, the stress paths at py = p;, = 400 kPa
either in triaxial extension or in triaxial compression show
clearly that the slope of the effective stress path, thus the
initial secant stiffness as well, is influenced by the previous
preshearing. Until reaching the maximum deviator stress of
the previous preshearing the effective stress paths are
rendered less contractant, in triaxial extension even dila-
tant, following afterwards a more contractant path. How-
ever, the slope of the path without preloading at p, = pj,
is not recovered even after reaching the reversal point of
the first loading step, indicating a partial alteration of the
inherent anisotropy. Here it appears that the preloading
path is retraced like an attractor. Finally, the shear strength
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is higher after a large preshearing (near the CSL), while the
sample stiffness is increased in the preloading direction.

4 Constitutive description

In [36, 42, 60, 64] it has been shown that the inherent
anisotropy of fine-grained soils can be described in con-
stitutive models by the cross-isotropic elastic stiffness
proposed by [17] and has been incorporated to several
constitutive models (e.g. [13, 14, 26, 66]).

Two constitutive models are herein inspected using the
presented experiments. First, the rather simple and well-
known elastoplastic modified Cam Clay (MCC) model
described in [5, 50] is considered. Besides, the anisotropic
visco-hypoplastic model (AVHP) by [41] is used. This
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model has been extended in the following by a cross-iso-
tropic elastic stiffness as explained in [65] to capture the
inherent anisotropy of the kaolin used in this work. The
verification of the models considering the presented
experiments follows after a short summary of the equations
defining the reference AVHP model along with the intro-
duction of the enhancement for inherent anisotropy.

4.1 Reference model - anisotropic visco-
hypoplasticity by [41]

This model, in the sequel referred to either as reference
model or as AVHP model was shown to reproduce well the
description of creep, relaxation and rate dependence,
improve the response to cyclic loading by a new strain rate

& and, of course, provide an induced anisotropic
enhancement which can be observed in the response to
triaxial (or biaxial) compression and extension paths after
anisotropic K consolidation. Hence the model introduces
the induced anisotropy by a new state variable . Herein
the constitutive equations will be described briefly and for
further details the attentive reader is referred to the refer-
ence work by [41].

The model interrelates the stress rate with three strain
rates through a hypoelastic barotropic stiffness

¢ = Eim . (8 o évis _ éhp) (l)
with the visco-plastic £ and the hypoplastic " strain rate

& =D, OCR™V/bm, & =Cm|s| (2)

and the flow rule

m OF . (¢/,Q,p}.)

> : (3)

D, as the reference creep rate as well as the viscosity index
I, are material parameters, whereby the latter determines
the intensity of creep. C, is a material parameter, which is
introduced aiming an improvement of the description of
initial secant stiffness effects, hence cyclic loading.

The induced anisotropy is included through the inclined
preloading surface F(d’, Q, p})

123

* 3 *
F(6',Q,p}) = M*p* — 3Mpa’™ : Q —|—§o" ¥

X @
+M2p’pg[§Q:Q— 1} =0

with the preloading stress a5 = pj(—1 + QMaq). pp, is
calculated from Eq. 4 using the same inclination €, but
passing through the current stress ¢’ rather than through o3
which corresponds to the current void ratio (see Fig. 25a).
In this sense, the overconsolidation ratio reads
OCR= py/pj.. The slope of the critical state in triaxial
conditions M = f(0) is dependent on the Lode angle \theta
and obeys the Matsuoka-Nakai criterion and obeys the
Matsuoka-Nakai criterion

1, 9 —sin’ g,

(5)

M—N = (r d tr (o - -
2
1 — sin” o,

with the critical friction angle ¢,.
The evolution of the state variables £ and pj, are for-
mulated in terms of the total strain rate & as follows

Q=c <c3(_&’*) - ;MQ> OCR™VF . { tr §)(— tr m)

(6)
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Fig. 14 Simulations of monotonic triaxial tests on kaolin samples cut out in vertical direction: excess pore water pressure Au versus axial strain
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C, and C; are material parameters controlling the evolution

/
. Ps
- rate of the preconsolidation stress.

/
pB: ;L

(7)

tr &

whereby the preconsolidation pressure pj satisfies the
equation of the isotropic reference isotach

1 /
ln( +e):—/l In (5_3)
1—|—€0 'BO
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4.2 Extension for inherent anisotropy

In order to capture the inherent anisotropy of sedimentary
fine-grained soils manifested in form of initial secant
stiffness anisotropy the (hypo)elastic stiffness tensor is

(8)
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Fig. 16 Simulations of monotonic triaxial tests on kaolin samples cut out in horizontal direction: p’ — g space

scaled to a cross-isotropic tensor using the manipulations
developed in [17, 36, 42, 66]. Following the work of [17]
the two isotropic elastic parameters £ = E, and v = v, are
supplemented in [66] by only one anisotropy material
parameter, named anisotropic coefficient o

G E 1/2
o= Eh = <Eh) = vh/vvh. (9)

In [42], besides ¢, the parameter f is introduced, satisfying
the following relationship

B/2
*= %}: - (Z) = (Vh/vvh)ﬁ: (th/"h)ﬁ (10)

[36] have reviewed existing experimental data in the lit-
erature pointing out that the value of the anisotropy
exponent f§ is difficult to evaluate and recommended
thereby an average value of § = 1.6 for practical applica-
tions. Here, the approach proposed in [42], is used; hence
the parameter f is adjusted to fit the experimental data-
base. The isotropic elastic stiffness is scaled using the
anisotropy tensor Q from [42]
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Fig. 18 Simulations of monotonic triaxial tests on kaolin samples cut out in horizontal direction: deviator stress ¢ versus axial strain &; space

E=Q":E*:Q (11)
Qi = Wiy + clij, Wy = adig + b mymy, (12)

with a, b, ¢ being functions of the constants o and f

a— \/azﬁ ((\/& —1)? 4 2012 4 (o — 3)aﬁ)/d (13)
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b= _Ofﬁa@ o — P Zaﬁ)/(a —1)

c:ocﬂ’l/z(oc—ocﬁ) (\/&+aﬁ+l/2+2aﬂ)/d (15)

and d = o + (o — 4)o2F + 2041,
Calibration of additional material parameters
Ideally, v, is calibrated by direct measurements of shear
and compressional wave velocities (e.g., bender elements
or ultrasonic testing). If such data are not available, « and
v, can be calibrated jointly from the measured inclination
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Fig. 19 Simulations with MCC, reference AVHP and extended AVHP models compared to the test Comp2

of the effective stress path Ap’/Aq in undrained triaxial
tests, following [62, 66]. A consistent parameter pair is
obtained by varying « and identifying the corresponding v,
that reproduces the experimental slopes, while keeping v,
within typical ranges for silts and clays.

4.3 Inspection of the models

This section evaluates the performance of three constitutive
models: the elastoplastic MCC model, the hypoplastic
AVHP model, and an extended version of the AVHP model
introduced in Sect. 4.2 (referred to hereafter as the exten-
ded or in the figures extend. AVHP model). The focus lies
on assessing the influence of initial secant stiffness aniso-
tropy by comparing the original AVHP model with its
extended counterpart.

The widely established MCC model requires solely 4
material parameters listed in Table 4. Besides these 4

parameters, the reference AVHP model requires 6 addi-
tional parameters while the extended AVHP model needs
two parameters in addition, which are listed in Table 5. The
calibration of the common parameters comprising the
compression / and swelling x index has been done using
the oedometric test with loading and unloading from [74],
the critical friction angle ¢, has been determined by con-
necting the critical state points in the effective stress space,
which render a line with the slope
M. =6-sin(¢p.)/(3 —sin(¢,)). The Poisson’s ratio v is
required for the MCC model and was fitted using the g — ¢;
relationships of normally consolidated samples in the area
of small-strains. Other parameters of the reference AVHP
model comprising the reference void ratio ejoy at p’mf =
100 kPa, the reference creep rate D,, viscosity index I,
parameter for cyclic loading Cy, factor for the evolution of
induced anisotropy C, and for limiting that evolution C;
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Fig. 20 Simulations with MCC, reference AVHP and extended AVHP models compared to the test Comp3

are taken from the calibration presented in the diploma
thesis of [56]' and are detailed in [41] considering the
experimental database for kaolin presented in [74]. In this
sense, the performance of the model can be actually vali-
dated by simulating the tests with more complicated stress
paths represented in Sect. 3.3. The additional parameters of
the extended AVHP model regarding initial secant stiffness
anisotropy o and f§ are calibrated using the experiments
presented in Sect. 3.2. The advantage of the cross-isotropic
elastic stiffness proposed by [17, 36, 42, 64] for describing
the inherent anisotropy of cohesive soils is then verified by
comparing simulations of the tests presented in Sect. 3.3
with MCC (isotropic elastic stiffness), reference AVHP

! The authors will make the diploma thesis available upon reasonable
request.
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model (isotropic hypoelastic stiffness) and the extended
AVHP model (cross-isotropic hypoelastic stiffness).

The void ratios measured in the laboratory exhibited
considerable scatter, which is shown in Fig. 12. In all
simulations, the void ratio has been initialised following
Eq. 8. The initial structural tensor £y = 0 vanishes due to
initial isotropic consolidation state of all samples. The
initial preloading stress p;w of the AVHP model as well as
the initial preconsolidation pressure p. , of the MCC model
are set equal to the initial mean effective stress pp, =
Peo = Do and all subsequent (pre)loading stages are mod-
elled. The initial void ratio e = 1.42 and initial mean
effective stress p’ = 20kPa were used for both the AVHP
reference model and the extended AVHP model, see
Fig. 12. The isotropic consolidation stages were simulated
to establish the respective initial mean effective stresses
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Fig. 21 Simulations with MCC, reference AVHP and extended AVHP models compared to the test Comp4

before shearing, allowing for the evolution of € during
consolidation. In contrast, for the MCC model, initialisa-
tion was performed immediately after the first consolida-
tion stage, as it does not account for the evolution of a
structure tensor.

4.3.1 Monotonic triaxial tests

Figures 13a, 14a and 15a present the simulations of
triaxial tests performed on samples cut out in vertical
direction with the MCC model and the reference AVHP
model in p’ — ¢, ¢ — & and excess pore water pressure Au
versus axial strain ¢, space, respectively. It is apparent that
the MCC model exceeds the shear strength in both triaxial
compression and extension, achieving the same slope of the
critical state line (CSL) in both directions, contrary to the

experimental observations. The reference AVHP model
reaches the accurate slope of the CSL (illustrated with
dotted black line in Fig. 13) and realistic shear strength in
both triaxial compression and extension (see Fig. 15a), but
exceeds the mean effective stress until the CSL is attained.
The cause of this lies in the underestimation of the pore
water pressure build-up as seen in Fig. 14a for both the
MCC and the reference AVHP model. Herein is where the
initial secant stiffness anisotropy, introduced by scaling the
isotropic hypoelastic stiffness tensor in the reference
AVHP model to a cross-isotropic tensor in the extended
AVHP model, takes effect. As shown in Fig. 13b, the slope
of the effective stress path changes in the extended AVHP
model corresponding to the one observed in the experiment
and thus, in Fig. 14b the excess pore water pressure is
reproduced realistically. The initial dilatancy is quantita-
tively well reproduced with the extended model, while it is
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Fig. 22 Simulations with MCC, reference AVHP and extended AVHP models compared to the test Ext2

underestimated with the models in Fig. 14a. Some small
discrepancies are observed in triaxial extension, where the
preloading surface is probably too thin and thus the plas-
ticity generates a too fast and too high pore water pressure
build-up. It was not possible to adjust it more realistically
by varying the parameters C, and C;. While in triaxial
compression the incorporation of a transversal isotropic
elastic stiffness tensor renders a good reproduction of the
experimental observations, in triaxial extension it still lacks
on reaching the accurate shear strength due to an overes-
timation of contractancy. This occurrence points out to a
need of a more non-uniform preloading surface differen-
tiating between triaxial extension and compression, espe-
cially in the rate of evolution of the structural tensor € as
pointed out also in [63]. Furthermore, the use of a non-
associated plastic flow rule with a physically realistic

@ Springer

plastic potential function could provide greater flexibility
for MCC in reproducing the pore pressure evolution and
yield more accurate predictions of the Au—¢; relationship.
In the present study, however, an associated flow rule was
adopted to ensure consistency with the established frame-
work and facilitate direct comparison between models.
Nevertheless, it can be concluded that the inherent ani-
sotropy of soft soils described by the anisotropy of initial
secant stiffness is indispensable in problems with fast
undrained loading where the build-up of pore water pres-
sure plays a decisive role. Accordingly, it can be seen from
Fig. 16a that the MCC and the reference AVHP model
reproduce the elastic stiffness of the horizontally cut out
specimens more appropriately than that of the vertical
specimens (compare Fig. 13). There is no significant dif-
ference between the simulations of the reference AVHP
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and the extended AVHP model here (Fig. 16b). The cor-
responding excess pore water pressures for horizontally cut
samples can be found in Fig. 17. The overestimation of the
shear strength through the MCC model is for horizontal
samples mainly observed at higher initial pressures with
subsequent shear in triaxial extension, see Figs. 16a and
18a.

4.3.2 Triaxial tests with different preshearing history

In this section all considered models are used for simula-
tions of the tests with preshearing history. In this test series,
all samples were cut out vertically.

Figure 19a shows the p’ — g space of the test Comp2,
whereby as described before the initial secant stiffness

anisotropy leads to an inclined effective stress path to the
upper left of the p’ — ¢ space when subjected to loading in
triaxial compression. This tendency can be described only
with the extended AVHP model, implying a better agree-
ment of the subsequent undrained shearing until failure in
compression. More pronounced is this behaviour in Fig. 20
whereby the larger preshearing took place until near the
CSL. In both experiments can be observed an overesti-
mation of the shear strength by the MCC and the reference
AVHP model. Furthermore, it is evident that the inherent
anisotropy is not altered even with a preshearing up to the
CSL, which is in accordance with its description in terms
of initial secant stiffness anisotropy or cross-isotropic
elasticity. The resulting stress path at second shearing is a
combination of an overconsolidated path and the stress
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(a) Visualization of the preloading surface in the p'-g-
space with preloading pressure p’z and the definition
of p}/, modified from [42].

Fig. 25 Preloading surface of the AVHP model and its evolution

path inclined by the inherent anisotropy, which can be
reproduced well by the extended AVHP model. However,
in test Comp3 (Fig. 20b), the model simulation overesti-
mates the shear strength during the second shearing. This
overestimation occurs because the model predicts an
excessive increase in the effective stress path inclination,
driven by the rise in the overconsolidation ratio .

Similar observations are presented in Fig. 21, whereby
the sample was first sheared by a small deviator stress of
q ~ 95 kPa in compression at P6,1 = 200 kPa with an initial
overconsolidation ratio of OCR; = 2.5. Even if less, the
effective stress path is still inclined to the upper left and
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initial isotropic compression

Y

anisotropic Ky-compression

(b) Preloading surface for initial isotropic compres-
sion and following anisotropic Ko-compression, modi-
fied from [42]

can be partially reproduced by the extended AVHP model.
Comparing the corresponding experiment in Fig. 13b at
P, = 200 kPa without preloading, it can be concluded that
isotropic preloading leads to a reduction of contractancy
under triaxial shearing. This cannot be reproduced only
with the initial secant stiffness anisotropy. Therefore, dif-
ferent approaches for ageing [22] or fabric change
[7, 35, 45, 66] are used in the literature. As expected, the
MCC model shows an elastic response (vertical stress path)
while the reference AVHP model produces a dilatant stress
path contrary to experimental observations.
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The sample in Fig. 22 was first sheared in triaxial
extension with a deviator stress of g = —190 kPa at pj, ; ~
200 kPa and OCR1 = 2.5 (the counterpart of Comp4 in
Fig. 21), where the extended AVHP model accurately
captured the observed dilatant behaviour. During the sec-
ond shearing, which continued until failure in triaxial
extension beginning from a normally consolidated state
with pg, = 500 kPa, the pore water pressure build-up was
overestimated by both AVHP models. In contrast, the MCC
model better replicated the experimental results despite
intersecting the critical state line (CSL). Due to the
extensive preshearing of the sample, the resultant shear
strength during subsequent loading in triaxial extension
increased. Although the MCC model does not account for
the influence of preloading, as observed in Figs. 19a, 20,
21, 22 and 23a, it overestimates the shear strength in tri-
axial extension, which leads to better alignment with the
increased shear strength of the preloaded sample in
Fig. 23b. On the other hand, although the introduced
transverse isotropic elastic stiffness tensor improves the
AVHP predictions for triaxial compression, it still fails to
accurately predict the shear strength in triaxial extension,
both in conventional undrained triaxial tests and tests with
preshearing, due to an overestimation of contractancy. This
issue highlights the need for a more non-uniform
preloading surface that distinguishes between triaxial
extension and compression, particularly by being wider in
triaxial extension, which leads to a decay of plasticity.
Specifically, the rate of evolution of the structural tensor €2
should be revised to more accurately account for the ani-
sotropy induced by preloading, as also emphasised in [63].

The last experiment Ext4 in Fig. 23 comprises loading
in triaxial extension first at a normally consolidated state
with p{, ; = 500 kPa initially sheared with a deviator stress
of g = —125 kPa. The second shearing began at p,, = 400
kPa and OCR, = 1.25 (calculated neglecting the change
in deviator stress). Again, the inclination of the effective
stress path can be described well by the extended AVHP
model, whereas the preloading surface seems to be too thin
and thus plastic strains yield to a higher pore water pressure
build-up compared to the experiment. The reference AVHP
and the MCC model show the same downwards and
approximately vertical inclination in the p’ — g space,
hence absence of pore water pressure build-up. During the
second loading in triaxial extension the effective stress path
described by the extended AVHP model is too much
inclined to the bottom right compared to the experiment,
which, among other things, is due to a disappearing plas-
ticity within the preloading surface. After the stress state
lies on the preloading surface (kink in the stress path in
Fig. 23a), the contractant plasticity is overestimated and
now the stress path is inclined too much to the bottom left.

Thus, the shear strength reached at the critical state is
underestimated as can be observed in the g — ¢; space in
Fig. 23b as well. The reference AVHP model reproduces
similar results, except that the tendency of the initial pore
water pressure build-up in the first shearing is an opposite
one to that in the experiment. Due to the underestimation of
dilatancy in the second shearing the shear strength is ren-
dered similar to the one with the extended model. Even-
though the MCC model shows zero pore water pressure
build-up inside the yield surface and exceeds the critical
state line in triaxial extension it reaches nearly the exact
ultimate shear strength as the sample in the experiment.

Some comparative studies with variation of o and f
indicated, that a decrease of the new parameter 5 can be
compensated by an increase of the parameter oo and vice
versa. As an example, Fig. 24 shows that o = 2.1 and f =
1.0 yield to the exactly same simulation results as the
parameters listed in Table 5 (« = 1.8, f = 1.2) at least for
the here presented. If the experimental data base is scarce,
the parameter S may thus be omitted, which has the same
effect as if it takes the value § = 1.0.

4.3.3 Discussion: capabilities, advantages, and limitations
of the AVHP framework

The evolution of the anisotropic tensor € in the AVHP
model, and consequently the size and inclination of the
preloading surface, is illustrated in Fig. 25 for representa-
tive loading paths. The behaviour of the surface directly
follows from the hardening law in Eq. 6 and the depen-
dence of € on contractant volumetric strain rate.

Drained isotropic consolidation/compression: During
drained isotropic loading, the stress path remains on the
isotropic reference isotach and no shear stresses develop.
As a result, the anisotropic tensor remains zero, Q = 0, and
the preloading surface stays non-inclined. Its size increases
solely with the increase in mean effective stress. This
behaviour corresponds to the leftmost contour in Fig. 25b.

For the extended AVHP model, the elastic stiffness
tangent may be specified as anisotropic (i.e., & # 0), which
provides a direct means of representing inherent
anisotropy.

Undrained monotonic triaxial compression and exten-
sion: Undrained loading is isochoric, i.e. tr(¢) = 0. In the
AVHP model, Q evolves only for contractant volumetric
strain paths, while pp changes only for non-isochoric
conditions. Consequently, during undrained compression
and extension, the preloading surface does not evolve. The
absence of surface rotation under undrained monotonic
shearing therefore limits the model’s ability to reproduce
the experimentally observed effects of undrained preload-
ing in the present work.
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Pre-sheared triaxial compression and pre-sheared tri-
axial extension: When drained anisotropic pre-shearing is
applied before the main loading stage, the resulting non-
isotropic and non-isochoric stress path activates the evo-
lution of . This leads to a progressive rotation of the
preloading surface towards the direction of the principal
deviatoric loading and, in the presence of contractant vol-
umetric strain, to a simultaneous increase in its size. In
Fig. 25b, this behaviour is shown by the transition from
isotropic compression points (blue markers) to the rotated
surfaces generated during Ky-type loading (pink contours).
Drained pre-shearing therefore establishes a rotated initial
surface for the subsequent triaxial compression or exten-
sion stage, in agreement with experimentally observed
anisotropic stress paths [10, 12, 44, 52, 54, 61].

In the undrained preloading stages of the present
experiments, the AVHP preloading surface remains
unchanged because no volumetric strain is generated. As a
result, only the isotropic (re)consolidation step contributes
to the subsequent evolution of the preloading surface.
Overall, Fig. 25 provides a compact visualisation of how
the AVHP framework captures the induced anisotropy
under different loading conditions through the evolution of
Q.

In contrast, in rotational kinematic hardening frame-
works, such as for, e.g. [3, 38, 46, 47, 49, 76], inherent
anisotropy is introduced through an initial rotation of the
yield and plastic potential surfaces. This rotational mech-
anism becomes active only once plastic strain initiates and,
in [4], is formulated solely for triaxial stress conditions.
Purely elastic stiffness is not part of the rotational mech-
anism, although anisotropic elasticity may be incorporated
in the underlying constitutive model - consistent with the
extension introduced here for the AVHP framework.

Similarly, anisotropic critical state theory (ACST), such
as for, e.g. [27, 29, 47, 51], introduces anisotropy through a
fabric tensor representing the internal soil structure
[24, 53, 77]. The tensor evolves under loading, can model
both induced anisotropy and the erasure of inherent ani-
sotropy under isotropic compression, and approaches an
asymptotic value at the critical state. Its evolution is not
restricted to contractant volumetric strain paths and
remains inactive along proportional stress paths. Across
both classes of models, inherent anisotropy is embedded by
prescribing an initial fabric tensor, which influences the
response once the stress state reaches the yield surface,
whereas elastic loading remains isotropic unless an aniso-
tropic elastic law is explicitly introduced. The anisotropic
elastic extension proposed here for the AVHP framework
could likewise be incorporated into ACST-based bounding-
surface formulations to enhance their ability to represent
inherent structural anisotropy.
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5 Conclusion

This paper provides an extension and completion of the
data base on kaolin from [74]. These experiments include
monotonic undrained triaxial tests in both compression and
extension of specimens cut out in horizontal and vertical
directions. Furthermore, the impact on the inherent aniso-
tropy of samples cut out in the vertical direction of dif-
ferent preloading paths was inspected. As observed in [74]
the inherent anisotropy of this kaolin leads to a different
inclination of the effective stress path due to the distinct
pore water pressure build up during shearing. The shear
strength of horizontal cut out samples subjected to triaxial
compression is higher than that of vertical cut out samples.
It has been discovered that the fabric effects are more
pronounced in triaxial compression, while when subjected
to triaxial extension the horizontal samples show a slightly
lower shear strength compared to vertical ones.

The most recent attempts in literature to describe the
inherent anisotropy of clays by the initial secant stiffness
anisotropy in means of transversal isotropic elastic stiffness
tensor was applied to the AVHP model (see Sect. 4.2).
While in triaxial compression it reflects the experimental
observations well, in triaxial extension it still lacks on
reaching the accurate shear strength in both conventional
undrained triaxial tests as well as tests with preshearing due
to an overestimation of contractancy. This occurrence
points out to a need of a more non-uniform preloading
surface differentiating between triaxial extension and
compression, especially in the rate of evolution of the
structural tensor £ as pointed out also in [63]. Even though
the MCC model requires only 4 parameters, it describes
well the overall behaviour of kaolin under monotonic
loading with some discrepancies in the shear strength as
well as critical state in triaxial extension. More recent
versions of MCC model could be used instead, implying
again a higher number of parameters. Here the aim was to
show the improvement in prediction ability by increasing
the complexity of the model. Furthermore it has been
discovered that an increase of the new parameter § can be
compensated by a reduction of the parameter o, so that at
least for practical applications with a limited number of
experiments the parameter § may be omitted.
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