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A B S T R A C T   

Fabric anisotropy is a key component to understand the behaviour of granular soils. In general, experimental 
data on fabric anisotropy for real granular soils are very limited, especially in the critical state. In this paper, x- 
ray tomography measurements are used to provide experimental data on contact fabric anisotropy inside shear 
bands for two granular soils. The data are then used to assess the validity of Anisotropic Critical State Theory 
(ACST) and the accuracy of a fabric evolution law that was previously developed from the results of DEM 
simulations on idealised materials. Overall, the experimental results support ACST according to which unique (i. 
e., independent of initial conditions) values for fabric anisotropy and coordination number are observed at large 
strains. With increasing roundness of the material, the rate at which the critical state is approached increases. 
The evolution of fabric anisotropy measured from the experiments is fairly well reproduced by the proposed 
evolution law.   

1. Introduction 

Granular soils are composed of solid particles and interparticle voids 
that are filled with one or more fluids. The arrangement of particles and 
voids involves the distribution of their sizes and orientations. Further-
more, it is important (for the force transmission) which particles are in 
contact. The microstructure includes the arrangement of particles, voids 
and interparticle contacts. This microstructure has a significant influ-
ence on the behaviour of granular soils, in particular on the shear 
strength and dilatancy, as has been shown by experiments (Yoshimine 
et al., 1998; Yang et al., 2007; Fonseca et al., 2013), micromechanical 
studies (Reynolds, 1885; Rowe, 1962; Rothenburg and Bathurst, 1989; 
Li and Dafalias, 2000; Kruyt, 2003; Yang et al., 2008; Li and Li, 2009; 
Yang et al., 2013; Li, 2016; Kruyt and Rothenburg, 2016; Kruyt and 
Rothenburg, 2019) and Discrete Element Method (as proposed in Cun-
dall and Strack, 1979; DEM for short) simulations (Thornton and Barnes, 
1986; Chantawarangul, 1993; Kruyt, 2012; Fu and Dafalias, 2015; Shi 
and Guo, 2018; Shi et al., 2018; Wang et al., 2019; Wang et al., 2020). 
To quantify the microstructure, a second-order fabric tensor (Oda, 1972; 
Satake, 1978; Oda et al., 1982; Oda, 1982; Oda and Nakayama, 1988; 

Kanatani, 1984; Li and Li, 2009; Kruyt, 2012; Fu and Dafalias, 2015; Li, 
2016; Kruyt, 2003; Wan and Pouragha, 2015; Shi and Guo, 2018) is 
usually employed, whose deviatoric part has been generally used to 
describe fabric anisotropy of granular soils. Various fabric tensors have 
been defined in the literature (Oda, 1972; Li and Li, 2009; Cambou et al., 
2013), that differ in the involved micro-scale quantities. The description 
of the microstructure is based either on particle orientations (Oda, 
1972), or on orientation vectors uc associated with the interparticle 
contacts c (Kruyt, 2012; Wang et al., 2017), or (less frequently) on the 
orientation of the voids (Tsuchikura and Satake, 2001; Nguyen et al., 
2009; Li and Li, 2009). 

Examples of such micro-scale vectors uc are: (i) the vector normal to 
the contact plane (here referred to as contact normal) (Oda, 1982), (ii) 
the branch vector (Christoffersen et al., 1981, 1997, 1996) and (iii) the 
void vector (Tsuchikura and Satake, 2001; Nguyen et al., 2009; Li and Li, 
2009). In this study, a fabric tensor based on interparticle contacts is 
considered, which is attractive since force transmission occurs at 
contacts. 

The definition of a symmetric second-order fabric tensor G is based 
on the micro-scale vectors uc 
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G =
1

Nc

∑Nc

c=1
uc ⊗ uc F =

5
2(1 + e)

(3G − I), (1)  

where Nc is the total number of contacts and e is the void ratio of the 
volume under consideration. Hence the fabric tensor G is an average of 
(the dyadic product of) the vectors uc that are associated with inter-
particle contacts. The dimensionless fabric anisotropy tensor F in Eq. (1) 
(right), that is studied in the following and that has been widely used in 
the literature (Zhao and Guo, 2013; Yang et al., 2018), is proportional to 
the deviatoric part of the fabric tensor G. Note that F is scaled with the 
specific volume, as suggested in Li and Dafalias (2015). The (scalar) 
norm F, termed as fabric anisotropy, and the direction tensor nF of the 
fabric tensor F are defined by 

F =
̅̅̅̅̅̅̅̅̅̅
F : F

√
F = FnF . (2)  

The direction tensor nF satisfies nF : nF = 1 and tr(nF) = 0. The rela-
tionship between continuum, macro-scale shear strength, and micro- 
scale interparticle forces is quantitatively expressed by the stress- 
force-fabric relationship (Rothenburg and Bathurst, 1989; Rothenburg 
and Bathurst, 1993; Mirghasemi et al., 1995; Nübel and Rothenburg, 
1996; Ouadfel and Rothenburg, 2001; Li and Yu, 2013; Li and Yu, 2014) 
that also involves fabric anisotropy. Analogously, the strain–displace-
ment-fabric relationship quantitatively expresses the relationship be-
tween continuum, macro-scale dilatancy rate, and micro-scale, 
interparticle deformation (Kruyt and Rothenburg, 2019). 

In order to understand the evolution of fabric in granular soils under 
loading, three aspects are important: (1) inherent, initial anisotropy, (2) 
fabric evolution, and (3) fabric at the critical state (Yang et al., 2018; 
Zhao and Kruyt, 2020). 

Since the fabric is important to the behaviour of granular soils, it may 
be expedient to include a fabric tensor into continuum-mechanical 
models (Pietruszczak and Pande, 2001; Woo and Salgado, 2015; Gao 
et al., 2014; Gao and Zhao, 2017; Yang et al., 2018; Petalas et al., 2019a, 
b). Then a fabric evolution law is required. Fabric evolution laws can be 
categorised with respect to the variables considered to be relevant for 
the fabric rate: (i) stress ratio rate, current fabric tensor, and void ratio 
(Wan and Guo, 2004; Lashkari and Latifi, 2008); (ii) (plastic) strain rate, 
current fabric tensor and void ratio (Sun and Sundaresan, 2011; Fang 
et al., 2019; Zhao and Kruyt, 2020); (iii) (plastic) strain rate as well as 
stress ratio rate, current stress and fabric tensors and void ratio (Tian 
and Yao, 2018; Yuan et al., 2019; Woo and Salgado, 2015; Zhao and 
Kruyt, 2020); and (iv) a plastic loading index, and the current fabric 
tensor (Li and Dafalias, 2011; Yang et al., 2018; Gao et al., 2014; Gao 
and Zhao, 2017; Nemat-Nasser, 2000; Woo and Salgado, 2015; Petalas 
et al., 2019a). 

According to the classical Critical State Theory (CST for short) 
(Roscoe et al., 1958; Schofield and Wroth, 1968), for large deformations 
a granular material continues deforming under shear at constant stress 
and void ratio. This state is generally considered to be unique, i.e., in-
dependent of the initial state of the material. The uniqueness of the 
fabric anisotropy in this critical state (Roscoe et al., 1958; Schofield and 
Wroth, 1968) has long been controversial. Recently, results of DEM 
simulations have shown that fabric anisotropy approaches asymptotic 
unique values (Chantawarangul, 1993; Fu and Dafalias, 2011; Zhao and 
Guo, 2013; Kruyt and Rothenburg, 2014; Kruyt and Rothenburg, 2016; 
Yang and Wu, 2016; Wang et al., 2020). Li and Dafalias (2011) extended 
CST in their Anisotropic Critical State Theory (ACST for short) frame-
work, according to which the stress ratio η = q/p, where q is the 
deviatoric stress and p is the mean stress, the void ratio e and the fabric 
anisotropy F (defined in Eq. (2)) of granular soils must satisfy the 
following conditions for large deformations: 

η = ηc = M e = ec(p) F = Fc. (3)  

The last additional condition forms the extension of ACST over CST. 

ACST was initially motivated by observations of results of DEM simu-
lations, and has been theoretically related to Gibbs stability condition (Li 
and Dafalias, 2011). 

Coordination number, i.e., the average number of contacts per par-
ticle, is readily quantified from results of DEM simulations. Such simu-
lations indicate that at large deformations a critical coordination 
number is attained (i.e., a steady value that is independent of the initial 
conditions, such as void ratio) (Rothenburg and Kruyt, 2004; Barreto 
and O’Sullivan, 2012; Kruyt and Rothenburg, 2014). To the best of our 
knowledge, however, experimental results for granular soils on the 
evolution of coordination number have not been reported in the 
literature. 

DEM simulations have been employed to study the effect of fabric on 
the behaviour of granular soils. Generally, the particles in such simu-
lations correspond to spheres or ‘clumps’ consisting of several spherical 
particles (although more sophisticated shape descriptions exist such as 
(Nadimi and Fonseca, 2018; Kawamoto et al., 2018; Karapiperis et al., 
2020)). Furthermore, simplified (Coulomb friction type) contact laws 
are adopted (Chantawarangul, 1993; Yang and Wu, 2016; Zhao and 
Guo, 2013). Although DEM simulations provide very detailed informa-
tion on particle positions and displacements as well as interparticle 
forces, these idealisations are rather different from granular soils that 
have various shapes, surface roughnesses and interparticle contact laws. 

With such DEM simulations, samples with various inherent anisot-
ropy can be generated by gravity deposition or by the radius expansion 
method, and the evolution of fabric can be quantitatively determined, 
see for instance (Fu and Dafalias, 2011; Zhao and Guo, 2013; Kruyt and 
Rothenburg, 2014, 2016; Yang and Wu, 2016; Huang et al., 2014). The 
DEM simulation results show that inherent fabric anisotropy, initial void 
ratio and loading direction have a significant influence on the behaviour 
of granular soils (Chantawarangul, 1993; Yang and Wu, 2016; Zhao and 
Guo, 2013; Zhao and Kruyt, 2020; Wang et al., 2020). 

Experimental studies on fabric of granular systems initially focused 
on the effect of inherent anisotropy on the macroscopic stress–strain 
response, where the initial orientation of the particles was controlled, 
and the macroscopic response was measured. Results of hollow cylinder 
torsion tests (Yoshimine et al., 1998; Nakata et al., 1998; Yang et al., 
2007), plane strain tests (Oda et al., 1978; Tatsuoka et al., 1990; Lam 
and Tatsuoka, 1988) and triaxial compression and extension tests (Oda 
et al., 1978; Lam and Tatsuoka, 1988) demonstrated that the initial 
fabric strongly affects the overall, macroscopic stress–strain behaviour. 

Although these results have shown the importance of fabric to the 
behaviour of granular systems, quantitative measurements of fabric 
evolution within samples were not feasible. Through the use of two- 
dimensional assemblies, in combination with experimental techniques 
such as photoelasticity (Drescher and de Josselin de Jong, 1972; Oda 
et al., 1985) and stereophotogrammetry (Calvetti et al., 1997), the 
evolution of fabric within the sample under several loading paths was 
measured. 

For three-dimensional systems, x-ray tomography imaging (see Vig-
giani and Tengattini, 2019 and the references cited therein) is an ideal 
tool to measure the evolution of material fabric (particle orientation 
fabric, contact fabric, branch vector fabric), since it allows for the gen-
eration of a complete three-dimensional representation of the specimen 
at any point during the test. Nonetheless, retrieving contact fabric with x- 
ray tomography presents several technical challenges, especially with 
respect to the detection of interparticle contacts (Wiebicke et al., 2017; 
Andò and Viggiani, 2018). 

A recent x-ray tomography study (Imseeh et al., 2018) considered the 
effect of the initial void ratio of the sample and of the confining pressure. 
The evolution of contact-normal fabric (where uc in Eq. (1) equals the 
vector nc normal to the contact plane) anisotropy of four different 
granular materials was measured, where the fabric of the whole sample 
was quantified. It was found that initial void ratio, confining pressure 
and particle morphology greatly affect the evolution of fabric anisot-
ropy. At large deformations, the experimental results show that fabric 
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anisotropy approaches a constant value, possibly a critical state value. 
However, samples generally become heterogeneous due to the emer-
gence of shear bands (i.e.,regions where shear strains localise), and in-
side them higher strains are achieved, compared to the outside (Desrues 
et al., 1996). This implies that fabric inside shear bands may approach 
critical state conditions, even for smaller strains of the whole sample. To 
assess the validity of the ACST framework, it is therefore important to 
experimentally study fabric evolution inside shear bands. 

The evolution of contact fabric inside shear bands was first studied in 
Wiebicke et al. (2020) for samples of angular Hostun sand and round 
Caicos ooids. Using an observation window inside the shear band, as 
well as an observation window outside of the shear band, contact fabric 
was measured at several axial deformation levels. Before the beginning 
of the localisation process, contact fabric behaves similarly in both 
windows, while it significantly differs once the shear band emerges. The 
general results for both samples are similar, presenting a difference in 
anisotropy values and rate of change, indicating the influence of particle 
shape and interparticle friction. 

To describe the evolution of fabric, a rate-form evolution law for the 
fabric tensor has recently been proposed by Zhao and Kruyt (2020), 
based on DEM simulation results from the literature. This evolution law 
involves critical-state fabric anisotropy, current fabric, stress ratio, 
loading direction and rate of deviatoric plastic strain. The influence of 
void ratio is accounted for through the state parameter (Been and Jeff-
eries, 1985). This fabric evolution law is consistent with ACST and has 
been validated with results of DEM simulations on idealised materials, 
showing both hardening and softening behaviour and properly 
describing the influence of the initial void ratio. Therefore, it is impor-
tant to assess its accuracy in predicting fabric evolution of real granular 
materials. 

Considering the limitations in previous studies described above, the 
objectives of this study are to (i): present X-ray tomography measure-
ments (involving an additional value for the confining stress in com-
parison to Wiebicke et al., 2020) of the evolution of fabric anisotropy 
inside shear bands of Hostun sand and Caicos ooids and compare it with 
that outside shear bands; (ii) experimentally investigate the validity of 
ACST and (iii) assess the accuracy of the fabric evolution law by Zhao 
and Kruyt (2020) in predicting the measured fabric evolution of gran-
ular soils. 

The outline of this paper is as follows. In Section 2, the x-ray to-
mography experiments performed for measuring the evolution of fabric 
anisotropy of granular soils under triaxial compression are presented. In 
Section 3, experimental results are shown. In Section 4, the capability of 
the evolution law in Zhao and Kruyt (2020) is investigated by modelling 
the measured evolution of fabric anisotropy inside shear bands. Section 
5 discusses the contributions of this study and the open issues on this 
topic.  

2. x-ray tomography measurements of contact fabric anisotropy 

In this Section, the properties of the tested granular soils are 
described, and the methodologies are introduced that are employed for 
identifying grains, tracking them to measure local strain as well as 
quantifying the contact-normal based fabric tensor and its evolution. 

2.1. Tested materials, experimental setup and image analysis 

The experiments analysed in this study comprise triaxial compres-
sion tests on two different materials: Hostun sand and Caicos ooids. 
Caicos ooids are round calcitic, oolitic grains from Turks and Caicos 
islands with a mean diameter D50 = 420 μm, whereas Hostun sand 
consists of angular grains from the Rhône-Alpes region in France with 
D50 = 338 μm. All experiments are conducted on dry specimens that are 
prepared by pluviation into a thin latex membrane. They are carried out 
inside the x-ray scanner at Laboratoire 3SR in Grenoble (France), 
allowing for the acquisition of numerous x-ray scans of the specimens 

during shearing. Axial compression is applied from below with a loading 
ram with a hemi-spherical cap, allowing the bottom platen of the 
specimen to rotate. Axial force and displacement are the only externally- 
measured quantities, while volume changes are obtained directly by 
analysing the acquired images. 

Sample sizes are set by optimising a trade-off between pixel-size 
(small sample) and field of view combined with the representativeness 
of the mechanical response (large sample) (Andò et al., 2013). The 
samples therefore have a relatively small size of 11 mm in diameter, 22 
mm in height, and consist of more than 40,000 grains for Hostun sand 
samples, and more than 70,000 grains for Caicos ooids samples. The 
tomographies are acquired at a pixel size of 15 μm, which for example 
resolves the Hostun sand grains with 22.5 pixels across the average grain 
diameter. Table 1 presents a summary of the initial state for each sam-
ple. Details on the experiments HNMWTC02 and HNMWTC05 are given 
in Wiebicke (2020) and on HNEA01, COEA01 and COEA04 in Andò 
(2013). Additionally, the use of x-ray tomography allows for a complete 
3D description of the shape of the particles using several indices, such as 
sphericity, roundness, and aspect ratio. Results for the two materials 
used here are given in Rorato et al. (2019). 

During each test, the loading of the specimen is halted at chosen axial 
strain levels to perform x-ray scans. The 3D grey-scale volumes, resulting 
from each x-ray scan, are used to identify and track each grain 
throughout the test. Firstly, the two phases within the sample, i.e., solid 
and void, are distinguished based on their grey level and a binary image 
is created. Subsequently, the binary image is segmented using a water-
shed algorithm (Beare and Lehmann, 2006) and each identified grain is 
labelled uniquely. Particle quantities, such as the centre of mass, vol-
ume, and orientation, can directly be computed from this labelled 
image. 

The determination of the interparticle contacts is more complex and 
can be prone to errors. It follows the proposed technique from Wiebicke 
et al. (2017) (with a higher local threshold for Caicos to exclude over-
counted contacts, since the problem is worse for flatter contacts). The 
contact normal orientations are then determined by performing an 
additional segmentation with the random walker (Grady, 2006) on each 
pair of contacting grains. The orientations are measured by performing a 
principal component analysis on the point cloud defining the contact 
zone. All image analyses are performed using the open-source software 
spam (Stamati et al., 2020). 

2.2. Quantifying fabric and fabric evolution 

Once the contacts c have been detected and the associated contact 
orientation nc have been obtained, the contact-normal based fabric 
tensor and its deviatoric part can be quantified by Eq. (1). 

The required fabric input for the evolution law of Zhao and Kruyt 
(2020) is the fabric tensor inside the emerging shear band. Therefore, we 

Table 1 
Initial parameters of experimental samples, from Andò et al. (2013), Wiebicke 
(2020), and Andò (2013). The relative density of the Caicos ooids specimens 
could not be measured, due to the very limited amount of available material. 
Quantities in the last two columns are measured inside the region of the sample 
that will eventually become a shear band.  

Test ID Void Ratio 
(relative 
density) 

Confining 
Pressure 

[kPa] 

Fabric 
Anisotropy 

(inside shear 
band) 

Coordination 
Number (inside 

shear band) 

HNEA01 0.658 
(83%) 

100 0.299 6.25 

HNMWTC02 0.661 
(83%) 

100 0.097 7.18 

HNMWTC05 0.655 
(85%) 

400 0.166 7.14 

COEA01 0.544 (–) 100 0.056 5.63 
COEA04 0.610 (–) 100 0.135 5.23  
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concentrate on the determination of contact fabric in the region of strain 
localisation. An analysis of the contact fabric of the experiments 
HNEA01 and COEA01 was already presented in Wiebicke et al. (2020). 
The fabric was extracted in two observation windows that are fixed in 
space: one inside the emerging shear band and one outside. Each win-
dow contains between 2800 and 4800 grains. Only results from these 
windows are presented in this study. Fig. 1 shows these two windows in 
a 3D rendering of Hostun sand specimen HNEA01 at large axial strain. 

2.3. Measurement of grain kinematics and local strain 

Using the labelled image as the definition of the grains in a given 
tomography volume, the displacement and rotation of each grain be-
tween images is measured with Discrete Digital Image/Volume Corre-
lation, as first used in Hall et al. (2010) and implemented in the SPAM-DDIC 

script (see for example (Andò et al., 2019)). Concisely, this means that 
using the labelled image of each grain as a mask, the grey level from the 
reference image is extracted and an iterative procedure is used to seek 
the best transformation of the deformed image that minimises a sum-of- 
squares residual function. The result of this discrete correlation is a 
transformation function for each label (i.e., grain) from the reference 
image, where labels are defined, to a given deformed image. 

In this study, each image is labelled independently of the others and 
discrete correlation is performed with the next image, meaning that the 
granular displacement fields are incremental. Incremental local strains 
are obtained with Bagi’s method (Bagi, 1996), which involves a 
Delaunay triangulation based on the grain centres. These local strains 
are explicitly required as (one of the) input to the model that will be used 
in Section 4, to predict the evolution of fabric anisotropy. 

3. Experimental results 

In this Section the experimental results, including the evolution of 
stress and void ratio (Section 3.1), the final morphology of the shear 
band (Section 3.2), fabric anisotropy (Section 3.3), and coordination 
number (Section 3.4) are examined in the light of the ACST. The evo-
lution of void ratio and fabric anisotropy are presented in observation 
windows inside as well as outside the emerging shear bands. 

3.1. Stress ratio and void ratio 

The macroscopic response of the experiments on Hostun sand is 
plotted in Fig. 2(a), where the stress relaxation parts correspond to the 
points where the scans have been performed. Tests HNEA01 and 
HNMWTC02 are carried out at a cell pressure of 100 kPa, whereas test 
HNMWTC05 is conducted at 400 kPa. The experiments were performed 

by different experimenters and with a different purpose in mind. 
HNEA01 was purposefully sheared up to relatively large strain, to study 
strain localisation, whereas the latter two experiments included several 
load reversals as these tests are part of a study that focused on fabric 
evolution during cyclic loading (Wiebicke, 2020); these cycles will not 
be considered in this study, but are shown for completeness. Unfortu-
nately, the continuous recording of force and displacement failed for test 
HNMWTC05, and only the macroscopic states at which the tomogra-
phies were acquired could be reconstructed. These are marked by the 
red points in the plot, which are simply connected to each other with 
dashed lines. 

The stress ratio response of test HNEA01 differs substantially from 
that of the other two tests. HNEA01 shows a higher initial stiffness as 
well as an earlier peak of the stress ratio, although it is initially slightly 
denser than HNMWTC02 and is otherwise carried out with the same 
macroscopic boundary conditions. It has to be noted that the specimens 
also differ in the initial fabric, which may be responsible for the different 
macroscopic response. This will be elaborated in the corresponding 
section. 

Since only the void ratio inside the emerging shear band is consid-
ered for the modelling in Section 4, the void ratios are computed in the 
same observation windows as the contact fabric. The evolution of void 
ratio with the macroscopic axial strain is plotted in Fig. 2(b) for the 
Hostun sand specimens. The results for the two observation windows 
show that the specimens start to behave heterogeneously at approxi-
mately 3% of macroscopic axial strain, which can be interpreted as the 
onset of strain localisation. From this value of axial strain, the void ratios 
in the windows diverge, i.e., the void ratio inside the shear band starts to 
increase whereas it either decreases or stays constant outside the 
emerging shear band. The void ratios in specimen HNEA01 are slightly 
higher than in the other two specimens, but follow a similar evolution. 
HNEA01 is also the only test that reaches a steady void ratio at the end of 
shearing. 

Fig. 2(c) shows the evolution of the void ratios inside and outside the 
shear bands as a function of mean stress. As a reference, the critical state 
line of Hostun sand reported by Li (2013), which was obtained from 
conventional triaxial compression tests, is also plotted. This critical state 
line lies in between the final void ratios inside and outside of the shear 
band, which is understandable, since it represents a sample-wide 
average over regions with different levels of shear strain. 

The macroscopic response obtained from two tests on Caicos ooids is 
shown in Fig. 3(a), and once again, the stress relaxation parts corre-
spond to the points where the scans have been performed. The evolution 
of stress ratio in both samples is qualitatively similar: both curves exhibit 
a pronounced peak stress ratio before softening to a steady value. The 
only difference is the higher stress peak in test COEA01, which is likely 
due to the lower initial relative density (see Table 1). Qualitatively, void 
ratios inside and outside the emerging shear band show a similar evo-
lution as for Hostun sand. The onset of strain localisation occurs earlier 
than for Hostun sand, between 1 and 2% global axial strain. Afterwards, 
the specimens dilate strongly inside the shear band, while void ratio 
stays constant, or slightly reduces outside the shear band. In both tests, a 
constant void ratio is reached at the end, which can be interpreted as the 
critical state – in fact, stress ratio is also constant at the end of the two 
tests. Note that this was also the case for test HNEA01, but not for the 
other two tests on Hostun sand, which were stopped at a lower axial 
strain. 

3.2. Shear band morphology 

The orientation and thickness of shear bands are known to depend on 
mean stress and particle shape. In order to explore the different shear 
band morphologies obtained in round Caicos ooids and angular Hostun 
sand, Fig. 4 shows the (vertical slices through the 3D) fields of particle 
rotations measured in the last increment of each test. Given that the 
rotation of the particles is a 3D vector, only the magnitude of the 

Fig. 1. Visualisation of the location of the observation windows in Hostun sand 
specimen (HNEA01) at large axial strain (after Wiebicke, 2020). 
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rotation is shown. Note that the axial strain level and the length of the 
selected axial strain increment vary from one test to another. For Hostun 
sand samples (HNEA01, HNMWTC02, and HNMWTC05), the axial 
strain at the beginning of the increment is 13.3%, 10.3%, and 10.2%, 

respectively, whereas the length of the axial strain increment is 1.5%, 
2.6%, and 2.6%, respectively. For the Caicos ooids samples (COEA01 
and COEA04), the axial strain level at the beginning of the increment is 
10.9% and 8.9%, while the length of the axial strain increment is 0.9% 

Fig. 2. Test results for Hostun sand: (a) evolution of stress ratio η = q/p with global axial strain; (b) evolution of void ratio with global axial strain inside (dashed 
line) and outside (continuous line) the emerging shear band; (c) relation between void ratio and mean stress inside (dashed line) and outside (continuous line) the 
emerging shear band, and the critical state line from Li (2013). 

Fig. 3. Test results for Caicos ooids: (a) evolution of stress ratio with global axial strain; (b) evolution of void ratio with global axial strain inside (dashed line) and 
outside (continuous line) the emerging shear band; (c) relation between void ratio and mean stress inside (dashed line) and outside (continuous line) the emerging 
shear band. 

Fig. 4. Magnitude of incremental 3D grain rotation vectors for the last increment in each test.  
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and 1.3%, respectively. 
Clear differences can be observed from one test to another. Both 

samples of Caicos ooids present a well defined and established shear 
band, with a thickness of 8–10 times D50; grain rotations inside the shear 
band are relatively large, with a mean rotation of 15◦ and several par-
ticles rotating more than 25◦. As for Hostun sand, in sample 
HNMWTC02 the shear band is 12–15 times D50 thick, with a mean 
rotation of 9◦. In sample HNMWTC05, which was sheared at a 
confinement 4 times larger than HNMWTC02, grain rotations are less 
localised in space, i.e., the shear band is much thicker (15–20 times D50) 
and the mean grain rotation is lower (5◦). Interestingly, HNEA01 shows 
a narrow shear band with a width of 8–11 times D50, similar to Caicos 
ooids, although with a lower mean rotation (6◦). This narrower shear 
band in HNEA01, as compared to the other two tests on Hostun sand, is 
possibly related to the significantly higher initial value of fabric 
anisotropy (see Table 1), as will be discussed in the next section. 

The inverse proportionality between the magnitude of the grain 
rotation and the width of the shear band can be explained due to the 
angularity of the particles and the interlocking potential between them 
(Andò et al., 2013). Angular grains (as Hostun sand) develop a highly 
interlocked structure, restricting the particles to low levels of rotation, 
while inducing secondary rotations of the surrounding grains — thus 
increasing the width of the shear band. Rounded grains (as Caicos ooids) 
on the other hand, can rotate more freely without significantly affecting 
adjacent particles — thus developing narrow shear bands and presenting 
higher particle rotation. Additionally, the relation between interlocking 
potential and grain rotation can be extended to understand the effect of 
the confining pressure. Sample HNMWTC05 is sheared at a higher 
confining pressure than HNMWTC02 and HNEA01, thus making grain 
rotation more difficult, which results in a wider shear band with lower 
magnitude of grain rotations, as shown in Fig. 4. 

3.3. Evolution of fabric anisotropy 

Fig. 5 shows the evolution of fabric anisotropy as defined in Eq. (2). 
The error in determining contact orientations that was quantified in 
Wiebicke et al. (2017) for Hostun sand and perfect spheres is propagated 
through Eqs. (1), (2) and shown as small error bars. These error bars are 
surprisingly small, as the fabric tensor smooths over thousands of ori-
entations and only the determination of the orientation itself is consid-
ered. The true existence of a detected contact is not included in the 

uncertainty of the anisotropy. The error arising from falsely identified 
contacts is only mitigated by the measures developed in Wiebicke et al. 
(2017). Similarly to the void ratio, fabric anisotropy is measured in the 
observation windows inside and outside of the emerging shear band. In 
the experiments on Hostun sand, fabric anisotropy evolves similarly in 
both windows until the onset of strain localisation. Once a shear band 
forms, fabric anisotropy inside the shear band substantially increases, 
whereas it rapidly levels off outside the band. The only notable excep-
tion to the above is specimen HNMWTC05, where fabric anisotropy 
keeps increasing also outside of the shear band. The reason for this can 
be understood by looking at the much wider region of strain localization 
in this specimen (see Fig. 4); in these conditions, it is to be expected that 
fabric anisotropy evolves in the whole sample throughout the test. The 
increasing anisotropy is a result of the change in contact orientations. 
With ongoing shear, the orientations align with the major principal 
stress direction. This is caused partly by contacts being lost perpendic-
ular to and gained in the direction of the loading. Most of the contacts, 
however, persist through the loading increments and change their 
orientation. The contact kinematics will be studied in detail elsewhere as 
they are not crucial for this work. 

It is worth noting that in all tests the initial value of fabric anisotropy 
is the same in the two observation windows, which indicates the relative 
homogeneity of fabric in the specimen before shearing. Sample 
HNMWTC02 is the only exception, with a difference of about 0.1 be-
tween the initial values of anisotropy in the two windows. Interestingly, 
although fabric anisotropy is initially lower in the region that will 
eventually be inside the shear band, it increases during shearing, rapidly 
surpasses the value outside the shear band, and ends up reaching almost 
the same value as in test HNMWTC05. The fabric of a complete sample, 
however, is not necessarily as homogeneous as in these examples. Note 
that we only present the response for two observation windows within 
the specimens. For the initial state of specimen HNMWTC02 we iden-
tified variations of void ratio, coordination number and fabric anisot-
ropy of roughly ±0.025, 0.25 and 0.15, respectively, in absolute values. 
This heterogeneity remains relatively constant until the onset of the 
shear band formation and increases drastically afterwards. Qualita-
tively, the response along the shear band is similar. Quantitatively, 
variations exist similarly to the measured heterogeneity of the initial 
state. 

The contact fabric of specimen HNEA01 is substantially more 
anisotropic in the initial state, in comparison to all other specimens, see 

Fig. 5. Evolution of fabric anisotropy in the observation windows vs. global axial strain inside (dashed line) and outside (continuous line) the emerging shear band 
for (a) Hostun sand; (b) Caicos ooids. Note that fabric anisotropy is normalized by the specific volume of the measured volume as defined in Eqs. (1) and (2). 
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also Table 1. Similarly to the stress ratio, fabric anisotropy reaches its 
peak earlier than the other Hostun sand specimens and decreases af-
terwards to an approximately steady value of 0.45. The high initial 
anisotropy arises from a strong preferential orientation of contact nor-
mals in the vertical direction, as visualised and discussed in Wiebicke 
(2020). This in turn means that the contacts are already aligned with the 
major principal stress direction and can thus sustain the applied loading. 
As the fabric in the other specimens is initially more isotropic, the 
contacts require more deformation to align with the loading direction. 
This can be the cause for the peak stress ratio being reached at a lower 
axial strain in test HNEA01. 

The evolution of fabric anisotropy is very similar in the two Caicos 
ooids specimens. Inside the shear band, it increases until reaching a 
pronounced peak, and then decreases to a steady value. It is remarkable 
that fabric anisotropy inside the shear band follows the macroscopic 
stress ratio very closely, as already noted by Wiebicke et al. (2020). 
Similarly to the void ratio, the onset of strain localisation occurs at 
approximately 1% axial strain, considerably earlier than in the Hostun 
sand specimens. This is due to the round shape of the grains, which fa-
cilitates the emergence of a narrow shear band (Andò et al., 2013) when 
compared to the more angular Hostun sand grains. This is also the 
reason why Hostun sand samples reach a steady state later: angular 
grains cause interlocking, which hinders strain localisation and results in 
a wider shear band. 

At large strains, fabric anisotropy inside the shear band tends to 
similar values for each of the two materials. However, the only Hostun 
sand specimen that possibly reaches a critical state (in that both stress 
ratio and void ratio level off, see Fig. 2(a − b)) is HNEA01. For the other 
two Hostun specimens, the void ratio does not reach a steady state at 
large axial strains (see Fig. 2(b)). Fabric anisotropy inside the shear band 
of HNEA01 reaches a steady value of approximately 0.45, whereas the 
fabric anisotropies of the other specimens are still decreasing at the end 
of the test. It can be observed, however, that they seem to approach a 
similar value as HNEA01. 

Both Caicos ooids specimens reach a critical state and show a similar 
fabric anisotropy of approximately 0.45 inside the shear band. Although 
the specimens initially have a different fabric anisotropy, they gradually 
evolve to the same fabric anisotropy inside the shear band at critical 
state, which is in agreement with the existence of a unique value of the 
critical state anisotropy within ACST. 

Finally, it should be noted that the curves of fabric anisotropy vs. 

axial strain are much smoother for Caicos ooids than for Hostun sand. 
This is due to the higher accuracy with which contact orientations (and 
thus contact fabric) are measured for round grains as compared to 
angular grains (Wiebicke et al., 2017). 

3.4. Coordination number 

A simple, yet important quantity describing contacts is the coordi-
nation number, i.e., the number of contacts per particle. Although it is 
not used in the fabric evolution law proposed in Zhao and Kruyt (2020), 
we briefly present its evolution for completeness. The average coordi-
nation number Z in a set of contacting particles is defined as 

Z = 2
Nc

Np
, (4)  

with Np and Nc being the total number of particles and contacts, 
respectively. The basis for the measurement of Z is the detection of 
contacts, the accuracy of which depends on the shape of the particles 
(see Wiebicke et al., 2017; Wiebicke et al., 2019). However, the actual 
values of Z are not necessarily relevant, and it is rather the qualitative 
evolution of the coordination number that matters. 

The evolution of the coordination number inside and outside the 
shear band is shown in Fig. 6 for both Hostun sand and Caicos ooids. 
Hostun sand specimens HNMWTC02 and HNMWTC05 have a very 
similar initial Z, whereas HNEA01 has a lower initial coordination 
number (which is consistent with a higher initial void ratio, see 
Fig. 2(b)). After the onset of strain localisation, the coordination number 
strongly decreases inside the shear band, whereas it stays relatively 
constant outside. Similar to fabric anisotropy, the coordination number 
inside the shear band reaches a steady value at approximately 8% global 
axial strain for HNEA01. For the other two Hostun sand specimens, the 
evolution of Z shows a tendency to slow down and tends towards a 
steady value at the end of the tests, although for these two tests the void 
ratio does not (Fig. 2(b)). In an earlier analysis (Wiebicke et al., 2020) of 
contact fabric evolution in two of the five tests analysed here, it was 
found that the evolution of Z is more sensitive to changes in the local 
microstructure than that of void ratio. Therefore, it is reasonable to 
argue that HNMWTC02 and HNMWTC05 are in fact close to reaching a 
steady state inside the shear band. 

For the Caicos ooids specimens, the coordination number evolves in 
a similar way in the two tests. After the onset of strain localisation, the 

Fig. 6. Evolution of coordination number in the observation windows with global axial strain inside (dashed line) and outside (continuous line) the emerging shear 
band for (a) Hostun sand; (b) Caicos ooids. 
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coordination number inside the shear band decreases and rapidly rea-
ches a steady value, whereas it stays constant or slightly increases 
outside. The initial value of Z in specimen COEA04 is lower outside the 
shear band than inside, which also corresponds to a higher initial void 
ratio (see Fig. 3(b)). As already observed for contact fabric anisotropy, 
the coordination number reaches a steady and unique value at the end of 
the tests on Caicos ooids. 

3.5. Implications of experimental results for CST and ACST 

In this section, the experimental results presented above are analysed 
in the light of CST and ACST. According to CST, both stress ratio q/p and 
void ratio e should be unique (i.e., independent of initial conditions) at 
critical state. ACST brings the additional condition that also fabric 
anisotropy F should be unique at critical state. 

An important issue is whether the achieved strains inside the shear 
bands are sufficiently large for critical state conditions to be actually 
attained in the experiments. For Hostun sand, the only test in which the 
stress ratio q/p becomes steady at the end of the test is HNEA01. At the 
end of the other two tests, the stress ratio is still slowly evolving (and 
higher than the final value in HNEA01). The samples HNMWTC02 and 
HNMWTC05 are still dilating at the end of the test, while the void ratio 
has reached a steady state at the end of test HNEA01. In summary, the 
tests on Hostun sand are inconclusive with respect to the validity of CST. 
As for Caicos ooids, tests COEA01 and COEA04 show a clear steady state 
for both stress ratio q/p and void ratio e at the end of the test. The final 
value of the stress ratio is the same in the two tests. This is also the case 
for the final void ratio — although some slight differences are observed. 
Hence, these tests essentially conform to CST. 

As far as the requirements of ACST are concerned, in the case of 
Hostun sand, a steady state for fabric anisotropy F is attained only in test 
HNEA01, while F is still evolving at the end of tests HNMWTC02 and 
HNMWTC05. It is possible that if larger strains were achieved, then the 
asymptotic fabric anisotropy in all these tests would be the same (as 
expected by ACST). It is interesting that similar trends are observed for 
the coordination number Z, which is another descriptor of microstruc-
ture. Note that the coordination number in test HNMWTC02 is smaller 
than in test HNMWTC05, due to the larger confining pressure. For 
Caicos ooids, fabric anisotropy in both tests reaches a clear steady state, 
with equal F in both tests. The same qualitative result is obtained for the 
coordination number Z. Overall, the results for Caicos ooids clearly 
conform to ACST; those for Hostun sand appear to be compatible, but the 
achieved strains were insufficiently large to draw a strong conclusion. 

4. Modelling the evolution of fabric anisotropy inside shear 
bands 

In this section, the fabric evolution law developed in Zhao and Kruyt 
(2020) is employed to simulate the evolution of fabric anisotropy, for 
the two materials studied, and the predicted evolution is compared to 
the experimental results. In the interpretation of the experimental re-
sults, it is assumed that the plastic strain is equal to the total strain, 
which may not be appropriate outside the shear band where the plastic 
strains are smaller. Therefore, the evolution of fabric is only simulated 
inside the shear bands. 

The fabric evolution law proposed in Zhao and Kruyt (2020) is 
summarised in Section 4.1. The determination of the model parameters 
is given in Section 4.2. The comparison of the evolution of fabric 
anisotropy between the experimental results and the model predictions 
is presented in Section 4.3. 

4.1. Fabric evolution law 

The adopted fabric evolution law is that developed in Zhao and Kruyt 
(2020), given by 

Ḟ = H
(

F, θs, η,ψ , ∊̇p
q

)
= h{Fc(θs) − F : n⋅exp(m(M − η) + ψ ) }∊̇p

q (5)  

where Fc is the critical-state fabric anisotropy (dependent on the Lode 
angle θs of the stress tensor), ∊̇p

q is the deviatoric part of the plastic strain 

rate, the loading direction n is defined as n ≡
∊̇p

q

‖∊̇p
q‖
, η and M are the stress 

ratios defined in Eq. (3), and h and m are two model parameters. As 
described in Zhao and Kruyt (2020), the term F : n represents the 
combined effect of the microstructure and loading direction. The state 
parameter ψ is defined by ψ = e − ec(p) in Been and Jefferies (1985). For 
given mean effective stress p, the critical state void ratio ec = ec(p) is 
estimated by 

ec(p) = eΓ − ξ
(

p
pa

)α

(6)  

where eΓ, ξ and α are dependent on the material; pa is the (reference) 
atmospheric pressure. The model parameters in the fabric evolution law 
involve well-established parameters (those in the critical state line and 
the critical state stress ratio M) as well as a small number of additional 
parameters (Fc, h and m). 

Based on observations of results from DEM simulations in Yang and 
Wu (2016) and Zhao and Guo (2013) and experimental studies in 
Wiebicke et al. (2020) where the Lode angle of stress is constant, it is 
noted that at critical state, fabric and loading direction are coaxial. In 
Jiang et al. (2019) the loading direction was based on the stress tensor, 
and it was found that the contact normal fabric tensor always tends to be 
coaxial with the stress tensor under cyclic loading, regardless of the 
specimen density and cyclic failure mode. Therefore, at the critical state 
the condition nF : n = 1 holds for various loading conditions. In addi-
tion, at critical state the stress ratio η attains its critical value M and the 
state parameter ψ becomes zero. Hence, the fabric anisotropy F reaches 
the critical state Fc, irrespective of the development of the deviatoric 
plastic strain ∊̇p

q. Thus, in the critical state Fc = Fc : n, which closely 
resembles the normalisation Ac = 1 by Li and Dafalias (2011). There-
fore, the fabric evolution law Eq. (5) is consistent with ACST according 
to which F = Fc at the critical state. 

4.2. Calibration of model parameters 

In the current simulations, three parameters (eΓ, ξ and α) for the 
critical state line given by Eq. (6) and four parameters (Fc,M, h and m) 
for the fabric evolution law Eq. (5) are required. 

As discussed in Zhao and Kruyt (2020), since it is not feasible to 
separate elastic and plastic strain from the experimental results and 
elastic strain in granular soils are generally small, the deviatoric plastic 
strain rate tensor ∊̇p

q is approximated by the deviatoric strain rate tensor 
∊̇q. The strain increments ∊̇q are calculated from the displacement in-
crements of sand particles inside shear bands, using the expression for 
the strain tensor of Bagi (1996). The accuracy of this method has been 
established in Durán et al. (2010). Note that such strain increments ∊̇q 

are slightly different from the strain increments in the shear band 
determined from particle total displacements, since for each strain 
increment the reference configuration for particle displacement in-
crements is the previous x-ray scan, but not the first x-ray image of the 
sand sample. 

The stress ratio η = q/p required in the evolution law Eq. (5) is taken 
equal to that measured for the whole sample. The reason is that the 
interparticle contact forces are not measured in the experiments, and 
hence it is not possible to determine the average stress inside the shear 
band. This is an assumption to be verified in future studies, using DEM 
simulations. 

To calculate the state parameter ψ = e − ec(p), the void ratio e 
measured inside shear bands is adopted, whereas the critical state void 
ratio ec(p) is determined from Eq. (6). Since the experiments for Hostun 
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sand involve only two different confining pressures (100 kPa and 400 
kPa) and those for Caicos ooids involve only one confining pressure 
(100 kPa), it is not possible to calibrate the three parameters eΓ, ξ and α. 
Therefore, the value of the exponent α = 0.9 that was proposed in Li 
(2013) for the macroscopic critical state line of Hostun sand is adopted. 
For Hostun sand, the other two parameters (eΓ and ξ) for the critical state 
line are determined from the void ratio inside the shear band at the end 
of the test. For Caicos ooids, ξ is assumed to be the same as for Hostun 
sand, whereas eΓ is directly determined from the critical state void ratio 
in the shear band. The calibrated parameters for the critical state line are 
given in Table 2. 

For the fabric evolution law, the initial fabric (directly taken from 
that measured inside shear bands) is used as the initial condition. Since 
the strain increment (determined by Bagi’s method Bagi, 1996) between 
two x-ray scans is large, it is divided into 100 uniformly spaced strain 
increments for the numerical integration of the fabric evolution law 
(note that when the number of strain increments is greater than 10, the 
simulation results are the same). At intermediate strains (between two x- 
ray scans), the stress ratio η and the state parameter ψ are interpolated. 

By substituting the interpolated deviatoric strain rate tensor ∊̇q, 
initial fabric F, stress ratio η, and state parameter ψ into the fabric 
evolution law (Eq. (5)), the rate of fabric anisotropy is obtained. For 
Hostun sand, the parameters are determined from tests HNMWTC02 and 
HNMWTC05, while HNEA01 is used as a ”blind test”. The parameters Fc,

h and m used in the fabric evolution law have been obtained by 
comparing the fabric anisotropy predicted by Eq. (5) with that measured 
inside shear bands, using a trial-and-error least-squares approach. The 
optimized parameters are given in Table 2.  

4.3. Model simulations 

Fig. 7 shows the predicted and measured evolution of fabric anisot-
ropy F as a function of the deviatoric strain inside the shear band for the 
five tests. 

Qualitatively, the model simulations are in good agreement with the 
experimental results. Fabric anisotropy shows a distinct peak (especially 
for Caicos ooids), which has been well reproduced by the fabric evolu-
tion law. Quantitatively, for test HNMWTC02 the deviation between 
model simulations and experiments has a maximum value of 7.1% 
(when the local deviatoric strain ∊q = 33.3%) and an average value 
smaller than 5%. For test HNMWTC05, the maximum deviation is 11.9% 
(when ∊q = 13.6%), and the average deviation is 6%. For Caicois ooids, 
the simulations have a maximum deviation of 13.6% (when ∊q =

26.2%) for test COEA01 and 9.8% (when ∊q = 29.2%) for test COEA04, 
and an average deviation smaller than 5% for both tests. Overall, for the 
four tests used for the calibration of the model parameters, the model 
predictions agree well with the experiments when the deviatoric strain is 
smaller than 5%, with deviations smaller than 5%. 

For the simulations of HNEA01 (a ”blind test”, i.e., these test data 
have not been used in the calibration of the model parameters), the 
deviations between model simulations and experiments are larger than 
for the other cases (see black curves in Fig. 7(a)). The average deviation 
is about 20%, with a maximum value of 35.4% (when ∊q = 28.9%). At 
larger deformations, the fabric evolution law gives larger fabric 
anisotropy than the one measured in the experiment. A possible reason 
is that the critical state fabric (Fc) and stress ratio (M) in test HNEA01 are 

very different from those in the two tests that have been used to calibrate 
the model parameters. 

A detailed assessment of the accuracy of the fabric evolution law for 
fabric anisotropy is hampered by the limited amount of experimental 
data (with their intrinsic uncertainties): (i) the number of x-ray scans is 
limited, which makes it difficult to evaluate quantities like void ratio, 
stress ratio and strain increments at intermediate strain levels, (ii) 
plastic strains could not be extracted from the experimental data, and 
therefore these have been taken equal to the total strains, (iii) the 
number of confining pressure levels considered did not allow for accu-
rate calibration of the critical state line that is required in the fabric 
evolution law, (iv) the number of grains present in the two observation 
windows is fairly small, and (v) no data is available on local stresses 
inside the shear band, and therefore overall, average stresses have been 
employed. 

Overall, the fabric evolution law is capable of reproducing the evo-
lution of fabric anisotropy of real granular soils (rather than the idealised 
particles used in DEM simulations), and it is to be further evaluated 
quantitatively by additional experiments with more x-ray scans in future 
studies. 

5. Conclusions 

Fabric anisotropy is very important to the behaviour of granular 
soils. The development of evolution laws for fabric has greatly advanced 
since the formulation of ACST (Li and Dafalias, 2011). In general, 
experimental data on fabric anisotropy for real granular soils are very 
limited, especially in the critical state. 

Using x-ray tomography measurements, experimental data on fabric 
anisotropy inside shear bands have been provided for two real granular 
soils. These data have been used to assess the validity of ACST and the 
accuracy of a fabric evolution law which was previously developed using 
data from idealised DEM simulations. 

The main findings of this study are:  

• Fabric anisotropy inside shear bands is larger than that outside shear 
bands; this is due to the smaller deformation outside of the shear 
band, resulting in the development of limited fabric anisotropy.  

• The experimental results for both materials are largely consistent 
with the classical CST.  

• For Caicos ooids,fabric anisotropy and the coordination number 
clearly approach unique values at large strain, irrespective of the 
initial fabric and void ratio.  

• For Hostun sand, the results are less clear, but it seems that fabric 
anisotropy may be developing toward unique asymptotic values at 
large strains, although initial fabric anisotropy, void ratio and 
confining pressure are different. 

• Overall, these experimental observations support ACST. The angu-
larity of soil particles has significant impact on the evolution of fabric 
anisotropy and coordination number: in the tests on rounded Caicos 
ooids the critical state is approached more rapidly than in the tests on 
angular Hostun sand.  

• The measured evolution of fabric anisotropy inside shear bands is 
fairly well predicted by the evolution law proposed in Zhao and 
Kruyt (2020), at least from a qualitative standpoint.  

The obvious (and necessary) extension of this study should include 
more detailed information on fabric evolution and the critical state, 
which can be obtained by performing many more x-ray scans during a 
test, and shearing the specimens to larger strains. Also, a wider range of 
confinement pressures should be investigated. 

For future studies, other important issues related to the evolution of 
fabric anisotropy of granular soils could also be investigated. In this 
study, the fabric tensor is based on contact normal orientations; it would 
be of interest to also examine the evolution of other fabric tensors. In the 
experiments, the effects of particle shape and possible particle breakage 

Table 2 
Model parameters used for the critical state line (Eq. (6)) and the fabric evolu-
tion law (Eq. (5)).   

Critical state line Fabric evolution law 

Material eΓ  ξ  α  M Fc  h m 

Hostun Sand 0.961  0.015  0.9  1.6  0.34  30 0.1  
Caicos ooids 0.822  0.015  0.9  1.5  0.33  65 0.85   
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on fabric evolution could also be measured. The influence of loading 
directions could also be investigated, by performing cyclic loading with 
larger amplitudes or rotational shearing. Finally, in the evolution law for 
fabric anisotropy (Zhao and Kruyt, 2020), it is assumed that the rate of 
fabric change is proportional to the plastic strain rate. This is a strong 
assumption that can (and should) be verified by analysing the experi-
mental results from x-ray tomography. 
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