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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

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

consolidation due to the preferential alignment of particles

or aggregates, leading to a mechanical response dependent

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 K0 or p0 = 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

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 r and strain e. jjXjj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

tr X2
p

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.�r is the

co-rotational, objective stress rate. The strain tensor e is the

symmetric part of the velocity gradient.

In a conventional triaxial test the axial stress is denoted

with r01 (assuming compression as positive, and extension

as negative) and the radial stress is denoted with r02ð¼ r03Þ.
The associated strains are e1 and e2 ¼ e3. The Roscoe

invariants for triaxial conditions are defined as

p0 ¼ ðr1 þ r2 þ r3Þ=3, q ¼ ðr1 � r2Þ and

ep ¼ ðe1 þ e2 þ e3Þ=3, eq ¼ �2=3 � ðe1 � e2Þ. Initial values
are labelled with the subscript t0

0. The deviatoric part of a

tensor is denoted by a superscript asterisk. For instance, the

deviatoric effective stress is expressed as r0� ¼ r0 � p01.
Any symmetric second-order tensor can be written as

vector with the principal values Xv ¼ X1;X2;X3½ �. 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 ¼ XijYkl, X : Y ¼ XijYij and

L : e ¼ LijklDkl. Second-order unit tensor I is defined as

Iij ¼ dij and the fourth-order tensor I as I ijkl ¼ dikdjl, using
the Kronecker delta symbol dij.

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 Gebrüder Dorfner

GmbH & Co. KG) which can be classified as medium-

plastic silt according to Casagrande’s Ip-wL-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

liquid limit wL (w ¼ 2:5 � wL). After mixing the slurry, it is

pre-consolidated in a plexiglas cylinder with an inner

diameter of d ¼ 130 mm applying a maximum vertical

stress rv;max ¼ 100 kPa, leading to a sample height of h �
130 mm. Afterwards, triaxial samples with dimensions d ¼
h ¼ 50mm 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 K0-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 500kPa 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,

Table 1 Index properties of kaolin

Grain

density qs

Liquid

limit wL

Plastic

limit wP

Plasticity

index Ip

Clay fraction

(d\2 lm)

2.675 gcm�3 47.2% 35.0% 12.2% 35.0%
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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

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–M05 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 p00 ¼
f100; 200; 300; 400g 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
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Fig. 1 Grain size distribution of the ground kaolin powder

Fig. 2 Sample preparation
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with a constant rate of _s ¼ 0.025 mm/min (

_e � 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 p0 � q plane. The corresponding q� e1 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 p0 � q diagram and show contractive

behaviour, i.e. a reduction of the effective mean pressure p0

because of increasing pore water pressure Du 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 e1 [ 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

shear strains starts already at an axial strain of e1 [ 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

Fig. 3 Monotonic triaxial tests on kaolin with vertically and horizontally cut out samples. CSL denotes the critical state line

Table 2 Test program on normally consolidated samples with a dis-

placement rate of _s ¼ 0:025mm=min (strain rate _e � 0:05%=mm),

tests M02–M05 from [74]

Test Cutting direction p00 Triaxial e0
kPa

M02 Vertical 100 Compression 1.332

H100K Horizontal 100 Compression 1.248

V100E Vertical 100 Extension 1.281

H100E Horizontal 100 Extension 1.248

M03 Vertical 200 Compression 1.332

V200E Vertical 200 Extension 1.247

M04 Vertical 300 Compression 1.244

H300K Horizontal 300 Compression 1.087

M05 Vertical 400 Compression 1.214

V400E Vertical 400 Extension 1.061

H400E Horizontal 400 Extension 1.004
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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 Da between the

major principal stress during preconsolidation and during

shearing based on hollow cylinder experiments. Thereby,

the undrained shear strength increased with decreasing Da.
A representation of Da 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 (Da ¼ 0�), whereas for

shearing in triaxial extension, they are perpendicular

(Da ¼ 90�). Conversely, for horizontally cut out samples,

the opposite holds: in triaxial compression, Da ¼ 90�,
while in triaxial extension, Da ¼ 0� (see Figs. 5 and 4).

The experiments in this study indicate an increase in shear

strength with increasing Da, i.e., higher shear strength for

Da ¼ 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 K0 conditions and prior

to undrained shearing were subjected to an undrained

reduction of deviator stress until the p-axis was reached

(i.e. q ¼ 0 kPa). Hence, even though both experiments start

from an isotropic stress state, the preconsolidation history

Fig. 4 Monotonic triaxial tests on kaolin with vertically and horizontally cut out samples
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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 p00;1 and p00;2
corresponding to overconsolidation ratios OCR1 ¼
p00;0=p

0
0;1 and OCR2 ¼ p00;1=p

0
0;2, respectively. For each

sample, the values of the mean stresses p00;1 and p
0
0;2 prior to

the shearing phases are listed in Table 3 together with the

initial confining pressure p00;0. The void ratios reached after

consolidating the sample under p00;1 and p00;2 are referred to

as e0;1 and e0;2, respectively. On the first starting pressure

p00;1 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 q0;2 ¼ 0 kPa. Now, during control of the deviator

stress q0;2 ¼ 0 kPa the drainage is opened and the sample is

isotropically loaded or unloaded under drained conditions

until p00;2. After consolidation at the second confining

pressure p00;2 the axial displacement is increased (or

decreased) under undrained conditions until failure. In

some of the tests the effective mean pressure p0 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 p00;1 ¼ 500 kPa. The

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

rate of _s ¼0.025 mm/min (strain rate _e � 0:05%=min)

Test Triaxial p00;0 p00;1 p00;2 e0;1 e0;2 OCR1 OCR2

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

Fig. 5 Overview of presented combinations of cutting direction of the sample, major principal stress direction during preconsolidation and during

final shearing
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following shearing applied under undrained conditions,

which compresses the sample, is stopped at q ¼ 200 kPa.

Then the deviator stress is reversed until an isotropic state

is reached. The second triaxial compression step starts from

the confining pressure p0 ¼ 400 kPa and q ¼ 0 corre-

sponding to an overconsolidation ratio of

OCR2 ¼ p00;1=p
0
0;2 ¼ 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 q ¼ 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 ¼ 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

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 p00;1 ¼ 500 kPa is

Table 4 Parameters of MCC for Karlsruhe kaolin

m j k M

0.33 0.05 0.13 0.942

CS
L

1.058

1.06

1.062
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1.066

1.068
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tio

 e
 [-

]

Mean effective stress p' [kPa]

preloading
after preloading

CSL

Fig. 6 Comparison between the triaxial test Comp2 with a preshearing path and the monotonic triaxial test M05 without preloading. All tests are

conducted on samples cut out in vertical direction
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reversed when the deviatoric strain q takes the value

�126 kPa. The stress path of the second loading starting

from p00;2 ¼ 400 kPa 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

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

e100 k� j� Iv Dr uc C1 C2 C3 a b
(s�1) (�)

1.2 0.08 0.07 0.015 10�6 24 0.0015 600 0.618 1.8 1.2

1.033
1.034
1.035
1.036
1.037
1.038
1.039

1.04
1.041
1.042

0 100 200 300 400 500

Vo
id

 ra
tio

 [-
]

Mean effective stress p' [kPa]

preloading
after preloading

CSL

CSL

Fig. 7 Comparison between the triaxial test Ext4 with a preshearing path and the monotonic triaxial test V400E without preloading. All tests are

conducted on samples cut out in vertical direction
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Fig. 7b Hence, a preloading increases the stiffness of the

specimen in the respective direction.

The consolidation pressures p00;1 ¼ 300 kPa and p00;2 �
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 q ¼ 151kPa slightly before the CSL is reached. After

reconsolidation to p0 ¼ 150 kPa and q ¼ 0 (resulting in an

isotropic overconsolidation ratio of OCR2 ¼ 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

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

e1 [ 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

(200 kPa ¼ p00;1\p00;2) than the second one. The axial

loading steps of Comp4 are compression paths. The test

starts with an isotropic consolidation to p0 ¼ 500 kPa, fol-

lowed by an isotropic unloading to the first confining

pressure p00;1 ¼ 200 kPa. Therefore the specimen has an

overconsolidation ratio of OCR ¼ 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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deformation is reversed at q ¼ 82 kPa 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 p00;2 ¼
500 kPa corresponding to OCR2 ¼ 1:0, the sample is

sheared in triaxial compression until failure. As expected

for OCR ¼ 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 OCR1 ¼ 2:5 and

p00;1 ¼ 200 kPa. Here the sample is first subjected to a tri-

axial extension path until the deviator stress is reversed

almost at the CSL with q ¼ �162 kPa. 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 p00;2 ¼ 500 kPa

corresponding to OCR2 ¼ 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 p00 ¼ p00;1 ¼ 200 kPa in triaxial extension can be
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attributed to the influence of initial precompression of the

sample in Ext2 to p0 ¼ 500 kPa rendering OCR1 ¼ 2; 5

kPa. Secondly, the stress paths at p00 ¼ p00;2 ¼ 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 p00 ¼ p00;2
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

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

_ehp 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 K0 consolidation. Hence the model introduces

the induced anisotropy by a new state variable X. 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

_r0 ¼ Eiso : _e� _evis � _ehp
� �

ð1Þ

with the visco-plastic _evis and the hypoplastic _ehp strain rate

_evis ¼ Dr OCR�1=Iv m; _ehp ¼ C1mk _ek ð2Þ

and the flow rule

m ¼
oFþðr0;X; p0BþÞ

or
: ð3Þ

Dr as the reference creep rate as well as the viscosity index

Iv are material parameters, whereby the latter determines

the intensity of creep. C1 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 Fðr0;X; p0BÞ

Fðr0;X; p0BÞ ¼ M2p2 � 3Mpr0
�
: Xþ 3

2
r0

�
: r0

�

þM2p0 p0B
3

2
X : X� 1

� �

¼ 0

ð4Þ

with the preloading stress rB ¼ p0Bð�1þXMXÞ. p0Bþ is

calculated from Eq. 4 using the same inclination X, but

passing through the current stress r0 rather than through rB
which corresponds to the current void ratio (see Fig. 25a).

In this sense, the overconsolidation ratio reads

OCR¼ p0B=p
0
Bþ. The slope of the critical state in triaxial

conditions M ¼ f ðhÞ is dependent on the Lode angle \theta

and obeys the Matsuoka-Nakai criterion and obeys the

Matsuoka-Nakai criterion

fM�N ¼ tr r0 tr ðr0�1Þ � 9� sin2 uc

1� sin2 uc

ð5Þ

with the critical friction angle uc.

The evolution of the state variables X and p0B are for-

mulated in terms of the total strain rate _e as follows

_X ¼ C2 C3ð�r̂0�Þ � 1

3
MX

� �

OCR�1=Iv � h tr _eih� tr mi

ð6Þ
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_p0B ¼ � p0B
k

tr _e ð7Þ

whereby the preconsolidation pressure p0B satisfies the

equation of the isotropic reference isotach

ln
1þ e

1þ e0

� �

¼ �k ln
p0B
p0B0

� �

: ð8Þ

C2 and C3 are material parameters controlling the evolution

rate of the preconsolidation stress.

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
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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 ¼ Ev and m ¼ mh are
supplemented in [66] by only one anisotropy material

parameter, named anisotropic coefficient a

a ¼ Gh

Gv
¼ Eh

Ev

� �1=2

¼ mh=mvh: ð9Þ

In [42], besides a, the parameter b is introduced, satisfying

the following relationship

a ¼ Gh

Gv
¼ Eh

Ev

� �b=2

¼ mh=mvhð Þb¼ mhv=mhð Þb ð10Þ

[36] have reviewed existing experimental data in the lit-

erature pointing out that the value of the anisotropy

exponent b is difficult to evaluate and recommended

thereby an average value of b ¼ 1:6 for practical applica-

tions. Here, the approach proposed in [42], is used; hence

the parameter b is adjusted to fit the experimental data-

base. The isotropic elastic stiffness is scaled using the

anisotropy tensor Q from [42]

Fig. 15 Simulations of monotonic triaxial tests on kaolin samples cut out in vertical direction: deviator stress q versus axial strain e1 space
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E ¼ QT : Eiso : Q ð11Þ

Qijkl ¼ likljl þ cIijkl; lik ¼ adik þ bmimk ð12Þ

with a; b; c being functions of the constants a and b

a ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2b ð
ffiffiffi

a
p

� 1Þ2 þ 2ab�1=2 þ ða� 3Þab
	 


=d

r

ð13Þ

b ¼ �a�ba aþ
ffiffiffi

a
p

� abþ1=2 þ abþ1 � 2ab
	 


=ða� 1Þ

ð14Þ

c ¼ ab�1=2 a� ab
� �

ffiffiffi

a
p

þ abþ1=2 þ 2ab
	 


=d ð15Þ

and d ¼ aþ ða� 4Þa2b þ 2abþ1.

Calibration of additional material parameters

Ideally, mh is calibrated by direct measurements of shear

and compressional wave velocities (e.g., bender elements

or ultrasonic testing). If such data are not available, a and

mh can be calibrated jointly from the measured inclination

Fig. 17 Simulations of monotonic triaxial tests on kaolin samples cut out in horizontal direction: excess pore water pressure Du versus axial

strain e1 space

Fig. 18 Simulations of monotonic triaxial tests on kaolin samples cut out in horizontal direction: deviator stress q versus axial strain e1 space
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of the effective stress path Dp0=Dq in undrained triaxial

tests, following [62, 66]. A consistent parameter pair is

obtained by varying a and identifying the corresponding mh
that reproduces the experimental slopes, while keeping mh
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 k and swelling j index has been done using

the oedometric test with loading and unloading from [74],

the critical friction angle uc has been determined by con-

necting the critical state points in the effective stress space,

which render a line with the slope

Mc ¼ 6 � sinðucÞ=ð3� sinðucÞÞ. The Poisson’s ratio m is

required for the MCC model and was fitted using the q� e1
relationships of normally consolidated samples in the area

of small-strains. Other parameters of the reference AVHP

model comprising the reference void ratio e100 at p0ref ¼
100 kPa, the reference creep rate Dr, viscosity index Iv,

parameter for cyclic loading C1, factor for the evolution of

induced anisotropy C2 and for limiting that evolution C3
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are taken from the calibration presented in the diploma

thesis of [56]1 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 a and b 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

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 X0 ¼ 0 vanishes due to

initial isotropic consolidation state of all samples. The

initial preloading stress p0B;0 of the AVHP model as well as

the initial preconsolidation pressure p0c;0 of the MCC model

are set equal to the initial mean effective stress p0B;0 ¼
p0c;0 ¼ p00 and all subsequent (pre)loading stages are mod-

elled. The initial void ratio e ¼ 1:42 and initial mean

effective stress p0 ¼ 20 kPa 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

1 The authors will make the diploma thesis available upon reasonable

request.
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before shearing, allowing for the evolution of X 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 p0 � q, q� e1 and excess pore water pressure Du
versus axial strain e1 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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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 C2 and C3. 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 X as

pointed out also in [63]. Furthermore, the use of a non-

associated plastic flow rule with a physically realistic

plastic potential function could provide greater flexibility

for MCC in reproducing the pore pressure evolution and

yield more accurate predictions of the Du–e1 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 p0 � q 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 p0 � q 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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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 p00;1 ¼ 200 kPa with an initial

overconsolidation ratio of OCR1 ¼ 2:5. Even if less, the

effective stress path is still inclined to the upper left and

can be partially reproduced by the extended AVHP model.

Comparing the corresponding experiment in Fig. 13b at

p00 ¼ 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 q � �190 kPa at p00;1 �
200 kPa and OCR1 ¼ 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 p0;2 ¼ 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 X
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 p00;1 ¼ 500 kPa initially sheared with a deviator stress

of q � �125 kPa. The second shearing began at p00;2 ¼ 400

kPa and OCR0;2 ¼ 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 p0 � q 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 q� e1 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 a and b
indicated, that a decrease of the new parameter b can be

compensated by an increase of the parameter a and vice

versa. As an example, Fig. 24 shows that a ¼ 2:1 and b ¼
1:0 yield to the exactly same simulation results as the

parameters listed in Table 5 (a ¼ 1:8, b ¼ 1:2) at least for

the here presented. If the experimental data base is scarce,

the parameter b may thus be omitted, which has the same

effect as if it takes the value b ¼ 1:0.

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

The evolution of the anisotropic tensor X 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 X 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, X ¼ 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., a 6¼ 0), which

provides a direct means of representing inherent

anisotropy.

Undrained monotonic triaxial compression and exten-

sion: Undrained loading is isochoric, i.e. trð _eÞ ¼ 0. In the

AVHP model, X evolves only for contractant volumetric

strain paths, while pB 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 X. 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 K0-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

X.

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.

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 X 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 b can be

compensated by a reduction of the parameter a, so that at

least for practical applications with a limited number of

experiments the parameter b may be omitted.
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10. Duque J, Roháč J, Mašı́n D (2023) On the influence of drained

cyclic preloadings on the cyclic behaviour of zbraslav sand. Soil

Dyn Earthq Eng 165:107666
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Inspection of four advanced constitutive models for fine-grained

soils under monotonic and cyclic loading. Acta Geotech

17:4395–4418
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clay. Géotechnique 33(2):165–180

18. Grandas-Tavera Carlos E, Merita Tafili (2025) Simplified

numerical simulation of vibrocompaction in sand. Transp Geo-

tech 50:101406

19. Gunn M.J (1992) The prediction of surface settlement profiles

due to tunnelling. In Predictive soil mechanics: proceedings of
the wroth memorial symposium held at St Catherine’s college,
Oxford,Thomas Telford Publishing, 27-29 July 1992, pp 304–316

20. Hicher PY, Wahyudi H, Tessier D (2000) Microstructural anal-

ysis of inherent and induced anisotropy in clay. Mech Cohesive-

frict Mater Int J Exp Modell Comput Mater Struct 5(5):341–371

21. Huang W-X, Wei W, Sun D-A, Sloan S (2006) A simple

hypoplastic model for normally consolidated clay. Acta Geotech

1(1):15–27

22. Hyodo M, Hyde AFL, Yamamoto Y, Fujii T (1999) Cyclic shear

strength of undisturbed and remoulded marine clays. Soils Found

39(2):45–58

23. Ignat R, Baker S, Karstunen M, Liedberg S, Larsson S (2020)

Numerical analyses of an experimental excavation supported by

panels of lime-cement columns. Comput Geotech 118:103296

24. Irani N, Salimi M, Golestaneh P, Tafili M, Wichtmann T, Lederer

J (2024) Deep learning-based analysis of true triaxial dem sim-

ulations: role of fabric and particle aspect ratio. Comput Geotech

173:106529

25. Ishihara K, Okada S (1978) Effects of stress history on cyclic

behavior of sand. Soils Found 18(4):31–45
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