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Table 1 List of symbols and equations used to calculate theageestresses, strains
and other parameters in torsiorsdilear tests

Direction HC | Stress Strain
Vertical . F p.rZ - pr? o _ Vi
uzz_ (f' .2)' + 2-F2 UZZ H
Circumferent | o _ P, - Pf 0 _(Gy- Y .
ial ad r,-r d 2 or ufd_ u/ ol l
Radial o = Polo ¥R = Q,- Y ]
Its ro +ri T 2 or ur = |
i " _ 3
Rotational Q, = . ?;TIC : N _2d(j i )r
GF ’ T OBH(E - 1?)
Principal Stress Strain
Major o O+ Gy o U, + P
t 2 4 2
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incremental
stress/strain
Ratio b= a,- G
u-u

Ratio O - 0

sin(i =+ lf'
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Ratio
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Ratio K = Gy,
VI

Secondorder W =(dd, -d f SUZE_ d,y vy .2
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for isochoric conditions under b=0.5
Normalised & o °
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Table 2 Notations and abbreviations

U material constant used in the relationship of the critical state line iittfp /@a)o
plane

o

U major principal strain

U intermediate principal strain

G minor principal strain
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 deviatoric strain(}= 2V%3[(J- B)% + (3- B)?+ (4- Q)3
Gol volumetric strain, o= 0+ G+ G

d deviatoric stress ratia,=g/p 0

a slope of the critical state line in tieg (p /)" plane

3 non-coaxiality anglea= Uy - Ue 1

06 major principal effective stress

0& intermediate principal effective stress

G& minor principal effective stress

U angle of shearing resistean (degrees)

Uc angle of shearing resistance at the critical state (degrees)
y state parameter of Been and Jeffenjes,e- e(p 0

ACST anisotropic critical state theory

B Skempt odpréssuregaeificent

c cohesion

CSL critical state linenithep ® e’ g space

CST critical state theory

D dilatancy ratioD = d®vai/ d&, (the superscript p stands for plastic)
e void ratio,e = W/ Vs

e«(p 0 voidratio at the critical state at mean effective stpess

es material constant indiciaig the intercept of the critical state line in e (p /pa)°
plane with thep & 0 axis

HCA hollow cylinder apparatus

IP instability point

IS instability surface

M deviatoric stress ratia/ p ,Gat the critical state
PA principal axes

PTP phasé¢ransformation point
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PV principal values

p @mean effective stresp, & (U6 + G+ 03) / 3

pa atmospheripressure at zero elevation (101 kPa)

q deviatoric stresgy = [1/2 {(0a - (6)%+ ((&- 06G)%+ (UG- G6)?}] 2

U porewater pressure iaxcess of atmospheric pressure

Vs volume of sand particles

Vv volume of voids

Yas3 Uslgt 80y UaUdy) st UsayY Udd ¥Yeeasg 731

Table 3Physical characteristics of M31 Sand

Specific gravity, Gs (-): | 2.66 w0 ¢

+ Quartz M31sand

Minimum void ratio, emin (-): | 0.50 ¥ [ Dy=021mm

[ Dg=0.31mm
Maximum void ratio, émax (-): | 0.80

| U=Dg/Dy= 1.58
Grain size Dio (mm): | 0.214

Grain size Dso (mm): | 0.258

Grain size Dso (mm): | 0.310

PERCENTAGE FINER (%)

Grain size Deo (mm): | 0.339

e 8 8 8 ¥ 8 3 8

Coefficient of uniformity, Cu (-): | 1.58

Coefficient of curvature, Ch (-): | 0.92 o e

0.010 0.100 1.000 10.000

PARTICLE SIZE (mm)

Dy is the grain size (diameter) corresgorg top% finer in the grain size distribution
curve. The coefficient of uniformity i8u= Deo/ D10 While the coefficient of curvature
is Ch= (D30)?/ (Dso* D10)

a3 Uostlyy e U0y s o3 atsedd a200YGUUGdd Udd Yee

Table 4 Critical-state parameters of M31 Sand

e(p o= €u - p /Pa)", p-=101 kPa and. = (q/ pd = M
=) & U Z (forb=0)

M31 Sand 0.7682 0.0112 0.70 1.24

a3z UslBgs dealUd oaUUY U3 syieyg; g 3Wwi Jwdry 30 W=sd 3
teoaoscey JARUI "6 g

Table 5 Conditions at the initiation of stress rotation in R8&ties tests

Test qd p o b U G e Y Pre-shearing
() | kPa) | () @) (%) () ()

PAR1 1.01 100 0 0 0.78 | 0.693 | -0.064 AC

PAR?2 1.02 507 0.5 15 12.4 | 0.726 | -0.008 RL

PARS3 1.05 343 0.5 15 7.6 0.744 | 0.003 RL

PAR4 | 1.12 402 0.5 15 4.7 0.733 | -0.006 RL
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Fig. 2 Projection of the CritidaState Line of M31 Sand in thegi p &tress planea) and in theei p &tate
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Fig. 7 Definition of the Local Boundary Surface (Symes et al. 1984,y@iland Hight 1987), Instability
Lines (Lade 1993) and Instability Surface (Triantafyllos et al. 2020a) of loose isotropically consolidate
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Extended abstract

EXPERIMENTAL STUDY OF THE ANISOTROPIC FLOW
DEFORMATION AND CRITICAL STATE OF SAND

Doctoral Thesis

by

Panayiotis K. Triantafyllos

EXTENDED ABSTRAC

This thesis investigates experimentally the mechanical behaviour of sand under
triaxial and generalised loading. The anisotropic flow deformation and criticaloftat
M31 Sand were investigated using the hollow cylinder apparatusvandriaxial
apparatuses of the National Technical University of Athens, all of which were either
updated or modified for the needs of the present study. Monotonic and cyclic loading
was imposed on water pluviated sand specimens under a broad rangsotiiation
effective stresseq H= (Ua.c+ Ul + U8sc) / 3, and stress ratioke = U&c / U, with

fixed or rotating stress principal axes (PA) and with two different values of the
intermediate principal stress parameber, (& 1 U6) / (06 1 0G).

The results of monotonic triaxial compression tests indicate the existence of a unique
critical state line in th@ ® ei g space for M31 Sand, irrespective of the initial value

of void ratio and mean effective stress and drainage conditions. Thepastateetery,
proposed by Been and Jefferies (198%)rmalisesthe strength and dilatancy
characeristics of sand while the streisglilatancy relationship depends on state. The
results of monotonic undrained loading tests at different fixed directions aiGthe

axis with respect to the vertical, measured by the ddglgand with constant andb

= 0.5 showed that the inherent anisotropy affects the strength and deformability of
isotropically consolidated loose sand at the instability point, phase transformation
point and pealailure state. The response of sand becomes, in general, more
contractive and less stiff when the angli iincreases yet the weakest response is
observed when one of the maximum stress obliquity planes tends to align at failure
with the hoizontal bedding plane. The same amount of shear stranmoronalised
excess porgvater pressure is accumulated in the contractive phase of response at a
lower deviatoric stress ratio wheltts 1is higher. Moreover, flow instability is
triggered at a loweraViatoric stress ratio whelks is higher. Despite the fixity of the
stress PA the deformation of sand is (weakly)-ooaxial up to the peakilure state,
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becoming coaxial only after intemglilative straining pogteak, while the principal
direction ofincremental stain is biased towardg = +4%, possibly because sliding
occurs more easily along the horizontal bedding plane.

Undrained loading tests were conducted on anisotropicallyotdated loose sand
with monotonically rotating stress PA at stentp and b = 0.5 and with either
monotonically increasing, constant or cyclically changing deviatoric stiessprder

to investigate the effect of consolidation and loading history hen hechanical
behaviour of sand. It was found that the combaretiofd = sin® [(Ga © (&) / (06 +

a&)] and Uk at the triggering of flow instability are not unique, albeit being stated
differently in previous studies (Nakata et al. 1998, Sivathayatal Vaid 2002). On

the contrary, the triggering condition and defotiora pattern of flow depend on the
stress- strain history, including the effect ¢fc and incremental stress directjam

new flow parameter indicates this dependence. It was alsonsti@aw a small stress
disturbance involving rotation of the stress P#ndrigger flow when the sand is
consolidated at oW, e.g. undeKq-conditions. For higher values & the rotation

of the stress PA at constamtnay still induce plastic contraoti, flow instability and
failure of sand. Apart from the effects ofests- strain history on bifurcation the
inherent anisotropy also plays an important role since the triggering of both diffuse
and localised instabilities occurs preferably at stress states corresponding to
unfavourabledeformation kinematics, i.e. to shey and sliding along the horizontal
bedding plane.

The rotation of the stress PA is associated with stronecoariality that persists pa

the state of peak failure. Distinct nopaxiality patterns and elastiplastic coupling,
associated with the loading of the nowliagonal component of the stress tensor,
were observed during the first cycles of stress rotation, at low deviat@ss satio,

when the deviatoric stress was kept constant. Thecoaniality angle 3; decreases

with the deviatoric tsess ratio in both noeooaxiality patterns, though, the sand
ultimately deforms in a steady state corresponding wtabilisedangle of on
coaxiality, mean effective stress and deviatoric stress ratio, only to be arrested by the
triggering of diffuse orocalisedinstabilities. These neooaxiality patterns are, in
general, independent of the valuekafand the number of the previous sseotation

cycles and are also observed in the case that the deviatoric stress changes periodically.
On the other had, distinct norcoaxiality patterns are observed before peak failure
depending on the value dfc when the rate of stress rotation decesags the
deviatoric stress increases, though, the differences become less pronounced past the
peakfailure state. Iterestingly, stronger necoaxiality corresponds to a lowkk and

the effect of preshearingon noncoaxiality appears to be more impottahan the

effect of the rate of stress rotation, which has been previously pointed out by
Gutierrez et al. (1991).

Among the novel findings of this study are those indicating that the stress state of
loose sand subjected to undrained principal stressatat constant deviatoric stress
may move along the direction of isotropic stress unloading from the consolidation
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state to the failure state without triggering flow. This behaviour is a contrast to the
predictions of recent models developed within tlariework of Bifurcation Theory
which indicate that the direction of isotropic unloading belongs to the set of nstabl
directions of loose sand even at low deviatoric stress ratio, away from the peak failure
state (Darve and Laouafa 2000, Darve et al. 2@Mille at al. 2007, Prunier et al.
2009). Once the failure surface has been reached it was shown that -atajoasi
diffuse instability can be triggered under increasing effective stresses and decreasing
stress ratio, followed by a dynamic diffuse aistity under decreasing stresses and
stress ratio. Consequently, the experimental results verify for the first thme
predictions of the numerical analyses by Darve that instability may occur under
increasing effective stresses and decreasing strass(srve and Laouafa 2000,
Darve et al. 2004, Sibille at al. 2007, Prunier et al. 2009).

This study shows that samcthibits strong nowoaxiality and contracts whenever the

loading with fixed stress PA is interrupted by a continuous rotation of the gtfes

The degree of nenoaxiality and associated contractancy becomes higher when the
previous shearing becomes manéense in terms of shear strain accumulation. The

novel findings reported herein indicate that the influence ospree ar i ng on san
behaviour is more important than the influence of the degree of stress rotation and the

level ofd, p e andb, repored in previous studies (Miura et al. 1986, Gutierrez et al.

1991, Li and Yu 2010, Tong et al. 2010 and 2014), but diminishes graduahg as t

stress rotation continues. Specifically, it is shown that sand exhibits strong non
coaxiality and contracts immedely upon initiating the rotation of the stress PA at

constant effective stress principal values (PV) very close to critical state dbspite

fact that it was previously dilating on the failure surface in a coaxial deformation

mode, under radial loadinghe phenomenon becomes increasingly intense as critical
state is approached. Dafaliasés (Hh®16) tho
sequence of experiments performed herein thus the presented experimental evidence

is supporting the claim thateéhAnisotropic Critical State Theory by Li and Dafalias

(2012) constitutes a necessary revision of the classical Critical State Theory.

Accordingly, the effect of prshearing on the necoaxiality and contractancy of
highly-stressed sand is also appareviien undrained loading is imposed after
anisotropic consolidation. In this case, a small stress disturbance involving rotation of
the stres PA induces strong nearoaxiality and the associated plastic contraction
triggers flow instability. This situatiorsithe diffuse analogue of the mechanism in the
incipient shear band described by Vardoulakis (Vardoulakis et al. 1978, Vardoulakis
and Graf 1985, Vardoulakis and Georgopoulos 2005) and may explain the
vulnerability of sands to spontaneous liquefactiorstiessrotation conditions, when

the static shear stress is high.

The results of this thesis offer new knowledge and contribute towarddetymer
understanding of the effects of anisotropy and loading history on the mechanical
behaviour of sand. The depiiean process and loading history influence the formation
and evolution of fabric and this microscopic process controls the macroscopic
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medanical behaviour of sand at every state, including the critical one. Consequently,
the necessity is highlighted tewklop models that can simulate the effects of fabric
on the mechanical behaviour of sand under generalised and complex loading
conditions,similar to those imposed in the presetady. The future research will be
directed towards the application of temues for measuring the fabric tensor of
granular media by means of physical properties like the electrical conductivity and the
mechanicailvave velocity. Likewise, the investigation of the mechanical behaviour of
sand under true triaxial loading condit®is an attractive subject for future research.
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Chapter 1 Introduction

CHAPTER 1INTRODUCTION

1.1 NECESSITY AND SCOPE OF THE THESIS

Understanding the behaviour of soil is an essential prerequisite for protecting both the
built environment and human life since the majordly humanmade structures
interact with soil masses in plenty of different ways, rendering them exposed to the
catagrophic phenomena associated with the failure of soils. Liquefaction of soils is
such a catastrophic phenomenon that has caused severe darbadgeenvironment

and loss of human lives in the past, while it remains a challenging issue for academic
reseach over time.

Although liquefaction is frequently triggered by strong seismic events, as for example
the 1925 Santa Barbara earthquake,1i®@4 Niigata earthquake and the 1995 Kobe
earthquake, to name a few, flow deformation of soil slopes has beeriedipo
induced by small stress disturbances under egtast conditions Ighihara 1993,
Lade 1993). From the viewpoint of soil mechanitss inoteworthy the fact that the
stress state at the triggering of liquefaction is frequently located insidéastie fimit
surface and at this state there may exist a diversity of incremental stress or strain
directions along which unstable flow defation can be induced (Lade et al. 1988,
Chu et al. 1993). On top of this the corresponding kinematic field caiffiose,
showing no obvious signs of strdotalisation(Castro 1969, Lade et al. 1988, Chu et
al. 1993, Desrues and Georgopoulos 2006).

Albeit unambiguously fascinating these mechanical peculiaritieshbaacterise¢he
nonassociated soil materials may also become quite unsettling as soon as it is realised
that the application of the conventional plastic limit analysis in engineerindgeprep

such as the stability of slopes, may in some cases fail to predicigperimg of flow
instability (Lade 1993, Darve and Laouafa 2000). Furthermore, the consideration of
the triggering oflocalisedinstabilities in the hardening regime does nohedy the
problem since flow deformation frequently manifests itself in chapttterns
preceding the formation of a distinct failure surface (Nicot and Darve 2011). In an
attempt to remedy this problem some researchers developed models within the
framewok of Bifurcation Theory (Vardoulakis and Sulem 1995) that rely upon the
secondorder work criterion (Hill 1958) in order to determine the conditions that
trigger diffuse instabilities (Darve et al. 1995, Darve et al. 2004, Nicot et al. 2007,
Prunier et al2009, Daouadiji et al. 201L{i et al. 2018).
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From the bifurcation analysis pective diffuse instabilities initiate at points with
perturbed physical properties or concentrated stress from which they spread in all
directions through the surrounding Iseblume, ergo docalisedfailure mechanism is
physically absent. On a thedosl basis the triggering of instability in the
homogeneous system requires that the stress state is located inside the bifurcation
domain, the incremental stress (or straimection belongs in the set of unstable
directions along which the secendderwork becomes noepositive and the control
parameters of the loadingrogrammeare proper, in the sense that they allow the
instability to occur Daouadji et al. 2011). In othevords, at a given stress state the
necessary condition for instability is thermpositive sign of the secormrder work

which is a directional quantity that depends on the previous sts&ssn history.

Having these theoretical considerations as poimf departure the present study
embarks upon the experimental investigation othe effects of the stress strain

history and direction of incremental stress on the flownstability condition of

sand. The aim is to perform undrained loading tests on bstitrapically and
anisotropically consolidated sand with either fixed or rotasitress principal axes
(PA), at constanp = (l1 + o + Us) / 3 andb = (UG 1 U&) / (G& 7 (&) = 0.5. The
loading programme includes rotation of the stress principal axesthweither
monotonically increasing, constant or periodically changing deviatoric stress,
simulating a variety of loading situations occurring in situ, hence the data set that is
going to be collected can tksearcely found in the literature (Symes et al84,9
Shibuya and Hight 1987, Nakata et al. 1998, Sivathayalan and Vaid 2002, Shibuya et
al. 2003a and b, Yang et al. 2007).

Another research topic in the present study concerns the effects of fabric (Brewer
1964, Oda 1972) on the mechanical behaviour nfi.séhe gravity deposited sand
exhibits different mechanical properties when subjected to loading with the stress
major principal axis orientated at different angles with respect to the direction of
deposiion (Oda et al. 1978, Tatsuoka 1986, Miura et1886, Shibuya and Hight
1987, Yoshimine et al. 1998, Nakata et al. 1998, Uthayakumar and Vaid 1998, Lade
et al. 2014). The anisotropy in the mechanical properties of sand is attributed to the
directional claracteristics of fabric in the microscopic levele. the preferred
orientation of the long axes of particles or voids and the preferred orientation of
contact normals, which can be described using a fabric tensor (Oda 1972, Satake 1978,
Oda et al. 1985)The anisotropy formed during the process of dijomsunder the
action of gravity is termed the inherent anisotropy (Cassagrande and Carillo 1948).

Physical and numerical studies have shown that the anisotropy of fabric of granular
materials resemblingands evolves in response to the applied stress¥sdeposition

and this phenomenon is known as the stiedgced anisotropy (Oda et al. 1985,
Rothenburg and Bathurst 1989), though the different characteristics of fabric evolve
under a different ratéang et al. 2017). Specifically, the internal stuwe has been
found to rotate following the rotation of the stress PA (Oda and Konishi 1974, Li and
Yu 2010), while in the case that the latter are kept fixed during loading coaxiality

2
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between the principalirections of fabric and stress is achievednudtiely (Li and Yu

2009). The magnitude of fabric anisotropy, defined as the difference or the ratio
between the major and minor principal values of the fabric tensor, also evolves as the
level of the deviadric stress ratio increases during loading witedi or rotating stress

PA.

Dafalias (2016) pointed out that the premise of the classical Critical State Theory
(CST) (Roscoe et al. 1958, Schofield and Wrotk8)9concerning the isotropy of
fabric at criical state, which is supposedly the result ofithtenseremouldingneeded

to reach such a state, does not comply with the results of recent studies indicating the
existence of a strongly anisotropic fabric at critical state, coaxial in direction with th
stresgThornton 2000, Masson and Martinez 20Bhkang and Thornton 200Ej and

Yu 2009,Li and Li 2009, Fu and Dafalias 2011, Wiebicke et al. 2017, Theocharis et
al. 2017 and 2019According to the CST, the phenomenon during which a granular
materialkeeps deforming in continuing shearing, under tartsvolume and stress, is
termed the critical state (CS) and the analytical conditions stated to be necessary and
sufficient for reaching and maintaining CS are givendoy:.q/p &dc. =M ande=e;

= e(p ) wheredc = M is the value of the deviatoristress ratio at CS, which is a
material constant, ar@ = e(p )Jis the value of the void ratio at CS, which is a unique
function ofp .6

Dafalias (2016) conceived a thought experiment that may prove that the CST is
incomplete because it does not taki iaccount the role of fabric anisotropy: a soil
specimen is first loaded monotonically with fixed stress PA until it reaches CS and
afterwards thestress PA are rotated while keeping the effective stress principal values
(PV) constant. The question raisimn is whether the specimen will remain at CS or

not while shearing continues with rotating directions of stress and strain rate at fixed
effective stress PV. The fixity of the effective stress PV meanspth@hd g remain
constant thus the critical wbratio, e;, at the corresponding @lso remains constant,

while the current value of void ratie, at the instant that the rotation of the strié8s

is initiated is equal te. Consequently, if the two analytical conditions presented
above are indeedemessary and sufficient for reaching and maintaining CS the
specimen should remain at CS because these conditions remain valid during the stress
PA rotation. On the contrary, if the CS is abandoned then the two analytical
conditions are necessary but noffigient for maintaining CS, unless the fixity of the
directions of stress and strain rate relat
CS(Theocharis et al. 2019), and the CST is incomplete.

Theocharis et al. (2017, 2019) performed numemsalulations of this experiment
using the Discrete Element Method (DEM) and showed that the granular material
contracts immediately upon initiatinthe rotation of the stress PA at CS while
keeping the effective stress PV constant. These results showedethavo analytical
conditions presented above are necessary but not sufficient for maintaining CS and
proved the incompleteness of the CST. Aseans to remedy this incompleteness Li
and Dafalias (2012) proposed the Anisotropic Critical State Theons{AGvhich

3
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introduces a third analytical condition at CS that is satisfied when an evolving fabric
tensor becomes aligned with the loading directeomd attains its critical value
normwise. The three analytical conditions in the new theory become botlsamgces
and sufficient for reaching and maintaining CS.

The present study sets out with the aim to perform physically the thought
experiment proposed ly Dafalias (2016) and simulated by Theocharis et al. (2017,
2019) in order to investigate the effects of fafx anisotropy on the critical state
behaviour of sand.Achieving this aim means that unique experimental data of great
value will be acquired proving physically that the Anisotropic Critical State Theory
by Li and Dafalias (2012) constitutes a necessasysion of the classical Critical
State Theory.

1.2 ORGANISATION OF THE THESIS

This thesis consists of eight chapters and one Apper@apter 2 presents an

extended review of past literature on aspects concerning the fabric of sanesayThe

is discussed in which the microscopic aspectde@élto fabric affect the strength and

deformation frictional characteristics of sand, placing emphasis on the dilatancy
mechanism. It is shown that the behaviour of sands depends on the combination of

mean effective stress and void ratio but is also daeat dependent meaning that it is

highly affected by the direction of l oadir
ef fort i's made to correlate the ann sotropy
fabric characteristics and present the technigsed to quantify these characteristics.

Finally, it is shown that théocalisationof strain results in specifiocalisedpatterns

of anisotropy and inhomogeneity of void ratio. The detailed presentafi fabric

aspects reported in literature is justifigince it aids the interpretation of the results of

the present study.

Chapter 3 discusses the concept of critical state of soils and other granular materials
and presents the experimentaduks that led to the foundation of the Critical State
Theory (CST) by Roscoe et al. (1958) and Schofield and Wroth (1968). The critical
state can be used as a reference state for describing and simulating the mechanical
behaviour of sands, especially thdilatancy. Then, the effects of fabric anisotropy

on dilatancy and critical state are discussed and the question is raised concerning the
necessity of revisiting the classical CST to include these fabric anisotropy effects, as
proposed by Li and Dafalia@012) who introduced the Anisotropic Critical State
Theory (ACST). This study aims at giving an answer to this question.

Chapter 4 discusses the concept of flow deformation of sands which is a catastrophic
liguefaction phenomenon. Aspects such as theceff of state, anisotropy and
principal stress rotatioan the flow behaviour of sands are discussed in the light shed
by previous experimental studies. This chapter also presents the results of humerical
studies that use the principles of Bifurcation Tiyeia order to predict the triggering

4



Chapter 1 Introduction

of flow instability. Some predictions of the numerical models are viewed through a
critical prism in the present study.

Chapter 5 presents the capabilities of the hollow cylinder apparatus (HCA) of the
National Technial University of Athens before and after the upgradsomplished

for the needs of the present studye relationships used to calculate the average
stresses and strains in torsieshkar testing are derived and the limitations that the
inevitable normuniformities of stress and strain impose are discusségs Ghapter

also presents the physical characteristics of the material tested (M31 Sand) and
describes the specimen preparation method.

Chapter 6 presents the results of the drained and undrainedairieompression tests
performed in this study for detaming the critical state characteristics of M31 Sand.
Using the unique critical state line that was determined the dependence of strength
and dilatancy characteristics of sand on the state parameospd by Been and
Jefferies (1985) was verified. Thean attempt was made to perform loading tests in
the HCA in accordance with the requirements of the thought experiment proposed by
Dafalias (2016). The dilatancy and nromaxiality of sand were alsawestigated
under generalised loading conditions wiither fixed or rotating stress PA.

Chapter 7 presents the results of the undrained generalised loading tests performed in
this study for investigating the effects of inherent anisotropy and stsgran history

on the flow deformation of sand. Isotrogily and anisotropically consolidated sand
specimens were subjected to loading with either constant or rotating stress PA and
with constantp andb = 0.5. The deviatoric stress ratio was increased toonzally,

kept constant or changed periodically in ttwirse of principal stress rotation. The
experimental results obtained were used to verify or falsify some of the predictions of
numerical models developed within the framework of Bifurcation Theory.

Chapter 8 presents the summary and conclusions ofltlesis. Finally, the directions
towards which future research will be oriented are discussed.

The Appendix at the end of the thesis presents the articles in which the results of this
this study were puished.

1.3 SYMBOLS AND ABBREVIATIONS

The symbols and abbreviations used in this study are presented in the tables of the
Extended Abstract, Chapter 6 and Chapter 7.
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Chapter 2 Fabric of sands

CHAPTER 2FABRIC OF SANLC

2.1 INTRODUCTION

Sands are granular somaterials deposited in the field mainly under #wtion of
gravity. The geometrical arrangement of sand grains described with thefabrim
(Brewer 1964 Oda 1972pis characterised by the density of packing as well as the
orientational distribution ofontact normalectors and particte Although sads are
frequently treated as continuum media in the field of Soil Mechanics the effects of the
particulate nature and fabric of sands on their mechanical behaviour cannot be
overlooked.

The present chapt presents an extended review of past literatare aspects
concerning the fabric of sands. The way in which the microscopic aspects related to
fabric affect the sength and deformatiocharacteristics of sand discussed, placing
emphasis on the dilatay mechanism. It is shown that the behaviourapids depends

on the combination of mean effective stress and void ratio but is also directional
dependent meaning that it is highly affected by the direction of loading with respect to
t he s peciAnefiordis madextecorrelate the anisotropyanrsd s 6 behavi ou
with the anisotropy in fabric characteristics and present the techniques used to
guantify these characteristics. Finally, it is shown thaldhalisationof strain results

in specific locdised patterns of anisotropy and inhomogeneity void ratio. The
detailed presentation of fabric aspects reported in literature is justified since it aids the
interpretation of th results of the present study.

2.2 EFFECTS OF THE NONIRECTIONAL CHARACTERTICS OF
FABRIC AND GRAIN PROPERTIES ON THE FRIONAL
BEHAVIOUR OF SANDS

Sand grains that lack bonding are packed together under the action of gravity and
remain at static equilibrium via the normal and shear forces that act at interparticle
contact paits. Figure 2.1 shows the interaction of two gsaah their contact point. It

is noted that there exists always a contact surface between grains, instead of a
geometrical point, otherwise the stress (i.e.free over surfagebecomes infinite;
neverthéess, the terntontact pointis used hereinaftehe normal and shear force

are related by thevell-known law of friction, introduced by Leonardo da Vinci circa
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Chapter 2 Fabric of sands

1493 (Hutchings 2016) , which states that f
sliding surfaces is proportional to the load pressingtifeauc e s t oget her 0.

Since the frictional phenomenon of slippage occurs at the intergranular contacts when

the sanddeforms it is apparent that the greater normal force makes slippage difficult

to occur and increases the 2088).dcthetwst i f f ne-s
grains are not sliding then tlobliquity of the direction of the resultant contact force

(i.e. the vector sum of normal force and friction) with respect to the vertical defines

the mobilised friction angle which is lower than the intargilar friction angle (Horn

and Deere 1962).

The simple and fundamental diresttear test offers insight mtthe frictional,
confiningstressd e pendent mechanism that controls s
schematic diagram of the direct shear appes is shown in Fig. 2.2. A prismatic

specimen is formed by pouring sand into the space between two rigalnssat A

normal effective stressia, is applied along the vertical direction and confinement of

sand is achieved. Afterwards, a horizontapthcement of the container induces shear

distortion of sand and the mobilised shear foligés monitored. Th shear stres§)

is calculated as the ratio of shear force over the current areaab#ssectionof the

specimenand plotted against shedisplacement, as shown in Fig. 2.3. The stii§ss

is maintained constant throughout shearing in the caswiloked here. Figure 2.3a

shows that if different sand specimens with the same relative deDsityre sheared

under drained conditions at difent normal effective stressa%}, the peak shear

stress(} increases withid,; these results indicate theéctional characteristics of sand

at peak state. Moreover, the initial slope of #teessdisplacementurve (which is

nortlinear) indicates thathe stiffness of sand, also, increases with confining stress.

The failure of sand occumnthe horizontalplpe and Coul ombdés criter.

G=1taq 2.1)
The termtand is the friction coefficient and is the angle of internal friction.

It is apparent that there exists no unique value of séteangth of sand, in terms of
peak shear stress. However, if EQ. 2.1 is rearranged to yield the ratio of mobilised
shear stresover the constant effective stress then the following equation is formed:

tand,, =

(2.2)

o
n

et

The termlmobis themobilised friction angle Failure of sand occurs when the stress
ratio of Eq. 2.2 reaches its maximum value. For the drained shear loading described
previously this condition concurs with the maximum shear stress condition, but this is
not always the case. Consequentlycan bestated that regarding failure sand is a
stressratio-dependenmaterial. The mobilised stress ratio plays an important role in
all aspects of thenechanicabehaviour of sand, as will be shown in the following.
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The failure stress ratidan (i or tan (ip, for a given relative density of sand is less
sensitive to the effective confining stress than the peak shear siresgjeneral, it
increases considerably at extremely low stresses (5-I8%akPa; Tatsuoka et al.
1986b) and decreases cutesably atextremely high stresses (> 1 MPa; Yamamuro
and Lade 1996). The mobilised friction angle, before and after peak failure, can be
divided into various components (Terzaghi et al. 1996, Sadrekarimi and Olson 2011)
according to the equation:

Upop= 0 + fi = G +,0 (2.3)

The interparticle friction angle (s, depends on the constituent minerals of grains and
the surface roughness in the microscopic scale; this component of shearing resistance
is purely frictional. The angleliy expresses thegeometrical interference(or
interlocking that mobilises shearingresistance by means of particle relative
movement and interaction, i.e. lojation or particle climbing((ig) and byparticle
rearrangementand damage(lp) (Lupini et al. 1981, Sadrekarinaind Olson 2011).
Owing to the important contribution of dilation circonstantzolume remoulding
mechanisms to shearing resistarsmme engineers prefer the temmobilised angle of
shearing resistanc® describdimob

Each of the components G0 contibutes to shearing resistance to a different degree
depending on wéther the sand is at prer postfailure state. The degree of
contribution depends, also, on the void ragiopf sand and on the effective confining
stress. For example, at dense pagkand low stressesthe dilation mechanism
prevails, while athigh dressesdilation is suppressed and breakage of grains
dominates. Sture et al. (1998) reported value$-ef in the range of 46Jto 70) and
dilation angles in the range of 3@ 31J for sand subjected to drained triaxial
compression under extremely low confining stress, in the range of 0.05 kP&Ral1.3
The tests were performed in a space shuttle dusjrace missions. Anastasopoulos et
al. (2010) also reported values @fon higher han 50 in directshear tests under
normal stresses lower than 10 kPa.

Dense sand at a given effective confining stress demonstrates higher peak shear stress,
J, and peak stress ratidjia,)p, than loose sand, as can be seen in Fig. 2.3b. However,
at large sheadisplacementsyoth sandseach a commoultimate strengthUr, which
increases with confining stress. The void raéjds a nondirectional chareterictic of

fabric which indicate how densely the grains are packed. Waén low the grains

are closely packed and the average number of contact points per grain, called the
coordination numberis large (Oda 1977). This means that the skeleton steutstu
stable, since each grainugll supported by th@eighbouringgrains, and also each
grain has to climb over the adjacent grains in order to move, resulting in a high
dilation angle, lq. It is apparent that the variation in the value of the fabric
characteristie can explain the diérent peak strengths and stress ratios of loose and
dense sand, at the same confining stress.
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Regarding the ultimate state of sand, Casagrande (193888 observed that when
loose and dense sand specimens are sheared under drained triaxial cosdthens
same confining stress they ultimately reach a common void ratio. Loose sand
contracts and reaches thetical void ratio, e;, while dense sand imlly contracts

and then dilates until it reaches the same void mtiavhich is unique at a given
effective confining stress. This behaviour is presented in Fig. 2.4 that shows the stress
- strain and stressvoid ratio curves foloose and dense sastieared at the same
confining stress. It is noted that the sand continues to accumulate shear deformation
under constant volume and stresses (shear and normal) at the ultimate state. Figures
2.3a and b show that different ultimateeah strengths are mdised at different
confining stresses, indicating the frictional characteristics of sand at ultimate states;
the different values of ultimate void ratio may also justify the different ultimate
strengths. If the critical void ratio idefined for differentvalues of the effective
confining stress then theritical void ratio (CVR) line can be drawn in the T (&

state plane, wheré is the effective confining stress. The CVR line is shown in Fig.
2.5a in linear scale and in Fig. 2.Bbsemtlogarithmic sale.

Casagrande (1936 and 1938) performed only drained triaxial compression tests
because the instrumentation required to measure theanabee pressure changes was

not available at that time; yet, he had the ingenuity to preldattif loose sand is
subjected to undrained loading the tendency to contract would squeeze the
incompressible water and impose a pressureeasenside the watesaturated sand
pores. This would result in decreaseof the effective confining stressinse the
compressiveoad is partly removed from the interparticle contact surfaces and applied
on the pore water, under overall constant void ratio. The state g@ne) of loose

sand would travel horizontally until the ultimate state is reachdueaftective stress
corresponding to the specific critical void ratio. The path of the state point can be seen
in Fig. 2.5 for both loose and dense sand, subjected to drained or undrained loading.
The prediction of Casagrandeas verifiedlater (Penman 125 Castro 1969, Poulos
1981, Been et al. 1991, Verdugo and Ishihara 1996) and nowadays the change in the
state of sand when loaded under undrained conditions towards the ultimate state is
common knowledge.

The ultimate state of sand was thoroughly stigated by Verdugo anishihara (1996)

who performed drained and undrained triaxial compression tests on very loose, loose,
medium loose and medium dense specimens, consolidated to mean effective stress
varying in a very broad range (0-B MPa). The coventional triaxial aparatus and

the applied stress state (axisymmetric) are shown in Fig. 2.6. However, Verdugo and
Ishihara (1996) used a more sophisticated triaxial apparatus with enlarged lubricated
end platens to avoid strain raniformities and she@danding (see Sectidh9). They
observed that the sand ultimately keeps deforming in continuing shearing, under
constant deviatoric stresg,(= (08 i (&), constant mean effective streps§= {0 O+

G& + &} / 3), and constant volume, in the case of drained loadingomstant pore

water pressure, in the case of undrained loading.
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The results from the study by Verdugo and Ishihara (1996) are in perfect agreement
with the observations made by Casagrand@gl®nd 1938) concerning the ultimate
state of sand, termed thétimate steady stater steady stater critical stateby other
researchers (Roscoe et al. 1958, Schofield and Wroth 1968, Been et al. 1991).
Specifically, it was found that the combinatioms q €)ss at steady state in triaxial
compression form a uniquené, called theultimate steady state lin€USSL) or
critical void ratio line (CVRL) or critical state line(CSL), irrespective of the initial
combinations§ de)in. Consequently, the exeice of a unique fabric in terms of void
ratio at the ultimate ate was verified.

Figure 2.7a shows the stressstrain curves from tests on medium dense sand
consolidated to 0.1 MPa, 1 MPa, 2 MPa and 3 MPa and subjected to undrained
triaxial compressiorfVerdugo and Ishihara 1996). The corresponding effective stress
paths are presented in Fig. 2.7b. The void ratio at the beginning of shearing (initial
void ratio) is common for all specimens. It can be seenahiargeaxial strain (x>

20%) all specimens mobilise a common ultimate strengih, irrespective of ta

initial effective stress. This deviatoric stress would have remained constant if shearing
hadcontinued however, unloading was performed. During unloading all ststsn

curves are coincident. The effective stress paths in Fig. @&Amonstratehat all
medium dense specimens are contractive in the initial phase of shearing and dilative
afterwards, until the ultimate state is reached in which there exists no voharge
tendency. The initial response becomes more contractive as the initial cprstirgas
increases. The response of sand changes from contractive to dilative phitatdee
transformationpoin{ | shi hara et al . 1975), whinctho can
on the strespath curve. All the sand specimens reach the ultimateatatesommon
stress,p &, since theyhavethe same void ratio, and the stress paths from all tests
coincide during unloading indicating that a common fabric was developeugat |
deformations.

Figures 2.8a and presenthe stress strain curves and theffective stress paths from
tests on medium loose sand consolidated to 0.1 MPa, 1 MPa, 2 MPa and 3 MPa and
subjected to undrained triaxial compression, while Figs 2.9a asplay the results
from similar tests on loose sand (Verdugo and Ishihara 1996nedium loose
specimens reach the ultimate steady state at large deformation at common alresses
and p @, irrespective of the initial confining stress. Both ultimateess values are
lower than the respective ones from tests on medium dense lsaose sand
demonstrates even lower steadgite strength and ultimate mean effective stress. It is
important to note that in the case that loose sand is sheared at higteffieetine
stress (1 MPa and 2 MPa) it remains contractive until the ultimateistegached. On

the other hand, the medium loose sand sheargdfat 2 MPa or 3 MPa is very
contractive, yet, it exhibits phase transformation before it reaches thetalstate.

Figure 2.10 shows thsteady state lin€SSL) orultimate steady statkne (USSL)
obtained from undrained triaxial compression tests on sand specimens at various
initial states (Verdugo and Ishihara 1996). The steady state line of this sand (Toyoura
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sand) is curved in seAwgarithmic scale and straight in linear or exporsrdcale
(Verdugo and Ishihara 1996, Li and Wang 1998). Sand specimens witiiastate

to the right and above the SSL demonstrate contractive behaviour until reaching the
ultimate state while those with anitial state to the left and below demaase
dilative behaviour. However, some medium loose specimens located initially to the
right of the SSL exhibit phase transformation and dilative response before the ultimate
state is reached.

It is very important taecogniset hat whet heronse Iseontacivedds resp
dilative depends both on the void ratio and the mean effective stress. Dense sand
demonstrates contractive response if the mean effective stress is very high, and vice
versa, loose sand demonstrates i#atesponse if the mean effeve stress is very

low. Specifically, the distance of the current pomtde) from the respective ultimate

point at the same stregs ¢ e;) was defined as th&tate parametey = e’ e p lby)

Been and Jefferies (1985na it was shown thay is wel correlated with the
mechanical characteristics of sand; detailed discussion on this subject will be
presented in Chapter 3. At the current point of discussion, it is highlighted that
specimens consolidated to 0.1 MPa and thRBa (that is a ratio of conldation
stresses equal to 30) and having the same void ratio reach the same ultimgtestate (
e;) when subjected to undrained compression. This is strong experimental evidence
indicating the existence of a unique ultimatenbination of mean effectivsress and

void ratio, irrespective of the initial state of sand.

At the ultimate state higher mean effective stress corresponds lmaer void ratio

and a higher strength. Figure 2.11 shows the ultimate stress staltesqih 2 - p 6
space from allundrained triaxial compression tests performed by Verdugo and
Ishihara (1996). It is apparent that the ultimate states form a straight line that passes
through the origin, calledhe ultimate strength envelopéJsing theM symbol to
denote the unique vaduof the stress ratial = q / p ,6at the ultimate state then the
following equation holds in triaxial conditions (Schofield and Wroth 1958):

sind,, = 63+ﬂM (2.4)

The term(yris the ultimate angle of shearing resistance, wiidiu:=[ (G 1T (&) /

(G0 + GG ) Jur. It is important to note that in the study by Verdugo and Ishihara (1996)

the term Aul ti mat e stsessraticsastheltimate imaterial stagep r e s e nt
Similarly, Li (1997), Li et al . (1999) and
failure surface characterised by an ultimate deviatoric stress ratio does not necessarily
represent the ultimate materighte (which is in fact the critical state), unless the void

ratio also reaches a critical valuebo.

From Eqg. 2.4 it is apparent thauaique angle of shearing resistance is mobilised at
ultimate steady state. Since at steady state the sand keeps defiorroorginuing
shearing at constant stress and volume (or constaniyatee pressure) the dilatancy
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contribution is zero. The ultink@ angle of shearing resistance is suggested to be an
intrinsic material property yet, for most sands the value @fi is greater than the
interparticle friction anglefic. The friction anglelic is influenced by the roughness
and mineralogy of grair(Skinner 1969, Negussey et al. 1988, Sadrekarimi and Olson
2011), while the angle of shearing resistatigedepends also othe particle shape
(Guo and Su 2007) that affects the constexdime remouldingmechanism (Rowe
1962).

Koerner (1970) reported thaingularity can increase the ultimate angle of shearing
resistance of a singlmineral soil by as much asJ8 Certainly, te angularity

increases the angle of shearing resistance prior to the ultimate state as well, since it
causes an interlocked fabric carprovides extra restraint to particle rolling that
enhances dilatancy (Guo and Su 2007, Tsomokos and Georgiannou 20&Rabhad

and Olson 2011). It I's noted that Tayl or
describe the effect of dilatancy, while Gand Su (2007) suggested that interlocking

may exist at the peak state, as a supplementary mechanism to dilatancy, btiteot a

ultimate state. Moreover, Penman (1953) reported a slight decrease in the measured
residual angle of shearing resistance df sibjected to drained triaxial compression

when the initial void ratio increased (see also Been et al. 1991); Penmarn (1953
suggested that a mechanism different than
at the ultimate state, might justify this find.

Verdugo and Ishihara (1996) reported that the ultimate behavi@and subjected to
drained triaxial compressiom C) loading can be described within the steady state
framework proposed for undrained TC loading. Figures 2.12a @nesenthe stress

- strain and deviatoric stress/oid ratio curves, respectivelyorf Toyoura sand with
various initial void ratiose,, consolidated to stregsd= 0.1 MPa and subjected to
drained TC. The comparison of the stresstrain curves indicates that the initial
stiffness of sand (i.e. the initial slope of the strestrain curve) decreases wit.

For axial straindlx 20%, the same amount d&ix corresponds to a lower deviatoric
stress whem, is higher. However, at axial straifi> 20% all stress strain curves
merge into a single one. This indicates that a unigtienate strength,que, is
mobilised irrespective ahe initial void ratio. The deviatoric stressoid ratio curve
indicates a similar behaviour: a unique strength and void aatoexhibited at
ultimate state, irrespective ef. When the sand is coolgdated to stresg &= 0.5 MPa

the behaviouris qualitatively the same (see Figs 2.13a and b), yet, the ultimate
strength is higher and the void ratio is lower. These results clearly show that the sand
reaches a steady state of deformation when sheared under drained conditions.

Verdugo and Ishihar@l996 found that the steady states of Toyoura sand are unique,
irrespective of the stresspath history. Figure 2.14 illustrates this concept since a
unique steady state line in tlee- p dplane captures well all the ultimate states of
Toyoura sand, igspedte of the drainage conditions and initial statef(€)o. Similar
conclusions were drawn by Been et al. (1991) who subjected Erksak and Toyoura
sand to bothtriaxial compression andxtension loading. However, a detailed
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discussion on the ultimatatesof sand subjected to different modes of shearing (i.e.
compression, extension etc.) will be presented in Chaptéh&.uniquenessf the
ultimate stress ratiay(/ p Jar is also evidenced here. Figure 2.15 shows the mobilised
stress ratiog / p dagairst the axial strain(ys, for Toyoura sand subjected to drained
triaxial compression. Figures 2.15a and b refesatodwith various initial void ratios

&, consolidated to stresspsp= 0.1 MPa and 0.5 MPa, respectively. It is apparent
that a unique stress ratgp/ p @ mailised at the ultimate state, irrespective of the
initial void ratio and confining stress, and its vaMes the same as the one mobilised
ultimately under undragd loading conditions. Consequently, it can be inferred that
there exists a unique line theq - p 6 e space that consists of the ultimate states of
sand subjected to triaxial compression loading (Roscoe et 38, Bhofield and
Wroth 1968).

2.3 EFFEETS OF THE NOMIRECTIONAL CHARACTERISTICS OF
FABRIC ON THE STIFFNESS OF SANDS

Deformationof sands is generally irreversible. The stresiain curve is notinear,

even at very small strain, and unloading does not fully erase previously accumulated
strain. The strain range at which linear elastic deformation occtiks B001% o<

10° (Iwasaki et al. 1978, Jardine et al. 1984, Burland 1989, Shibuya et al. 1992, Jiang
et al. 1997). Moreover, the reversible part of strain is in most cases negiigible
comparison with the irreversible part (Barden et al. 1969, Tatsuoka 1976). The
particulate nature of sands accounts for this inelastic mechanism of deformation. If a
load is appliedto an assembly of grains then the ratio of shear over normal force at
some contacts inevitably reaches the limiting vaare(; and sliding occurs. Some
grains roll and override other grains, while others lose contact and fall into the void
space. It is apparent that these patterns of deformation at the microscopic scale are
irreversible and this is reflected in the deformatiobahaviour of sand at the
macroscopic scale.

The stiffness moduli of sand are highly affected by the irreversible deformation. The
definition of various stiffness moduli of sand subjected to monotonic triaxial
compression is presented in Fig. 2.X6aononlinear stress strain curve. The initial
slope of the curve at very small strain (<° s thee | asti ¢ Yo lEmRgOS modu
The slope of the tangent line at point A, corresponding to stiaiis thetangent
Youngo0s Egmatthat points wile the slope of the line connecting point A with
the origin Oisthes ecant Y o u kg df & snmalbainplitudescyclic stress is
induced at one point of the stresstrain curve via unloadgand reloading then the
equi val ent Y Beylis dpfined asnihed slopeuas the narrow stress loop
formed. If the stress amplitude is small enough to produce str&inl0® then linear
elastic unloading and reloading performed and the loop beoes a line with slope
equal to the elastic modulus. Thisodulus is affected by the stress history and the
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current stress state and stress ratio (Yu and Richart 1984, Jiang et al. 1997, Hoque and
Tatsuoka 1998) so it can be different than the initial masihax

Figures 2.17a and b present the elastic and inelastic deformation characteristics of two
granular geomaterials subjected to drained compression undessplaineand triaxial
conditions, respectively, in the tests performed by Shibuya et &2)1%he aial

strain is measured externally (i.e. outside the cell environment) using proximity
transducers, which capture the response at moderate strains plotted on the lower
horizontal axes, while it is also measured internally (i.e. inside the ag@tbement)

by means of very sensitivecal displacement transduce(sDT) (Goto et al. 1991),

which capturethe response at small strains plotted on the upper horizontal axes. The
LDTs are placed on the specimen, as can be seen in Figure 2.18, and @couidte
measurement of small straitts {0°), free of bedding and compliance error. Figure
2.17a displays the results from monotonic plane strain compression (PSC) test on
sand and from one small stress amplitude unloadmedoading cycle. Figure 2rb
displays the results from monotonic triaxial compression (TC) test on gravel and from
three small stress amplitude unloadimgloading cycles. It is noted that the modulus

E in PSC, defined as the local slope, is related to u nrgodldusE in TC, bu these

moduli are not the same.

It is apparent in Fig. 2.17 that the tangent and secant moduli of both granular
materials decrease as the axial sthiaicreasessince the noilinear stress strain

curves are concave downward. It can be suggested thhe afeviabric stressg,
increases monotonically, so does the stress mtio,/, heqcé at the grain scale more

and more contacts become unstable and slide because thesyafio (see Fig. 2.1)
reaches the limit valu@an Us. The soilyields andstrain is accmulated, while the
stiffness decreases due to the damage induced to fabric. Moreover, it can be seen that
yielding of soil occurs at strain higher than 0.001%, while at lower strain the response
is linear elastic wittmodulusEmax The unloading and reloading by a small amount of
stressoccuralong a line or a narrow loop with slope approximately equal to the initial
slopeEmax During unloadinga smaller amount of strain than the one induced during
virgin loading is eased. Thistsain is mainly related to the elastic rebound of grains,
while some extremely small sliding may still occur (Shibuya et al. 1992). Reloading
by the same small amount of stress does not induce irreversible strain (at least not a
significant amant) and thesame sloped line is followed. The grain contacts are more
stable during this Fncrease in stress ratio due to the memory optiegiousloading

and straining at the same stress ratio.

The discussion on the degradation of elastoplasticnetiff preseatl previously
implied that the monotonic increase in stress ratio induces strain and decreases the
tangent modulus (Vardoulakis 1980). However, it should be noted that if large stress
amplitude cycles are imposed and the stress ratio charpegedly beteen ¥ and

Td under drained conditions then the induced inelastic strain amplitude, after the
stabilisation of the hysteresis loop, is the predominant factor that controls the
degradation of elastoplastic stiffness, excluding the densificaffents (Iwasaki et al.
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1978, Tatsuoka et al. 1979, Seed et al. 1986, Vucetic and Dobry 1991). The
characteristic degradation curve of elastoplastic modulus with strain amplitude is
presented in Fig. 2.19. It can be seen that the Gfi&x (whereG is the elastostic

shear modulus at strain amplitude further discussed later, ar@® k Gmax is the

elastic shear modulus ag= 10°) decreases as the strain amplitude increases. Higher
strain amplitude is induced by higher cyclic stress amplitude and, thus, higher extreme
stress ratio,d. Moreover, it an be seen that the degradation®f/ & is less
significant when the effective oof i ni ng stress is higher.
di scretenesso is Iimited under high conf
that most sands exhibit similad / G, degradation curves irrespective of the
differences in testing conditions.

The effect of strain amplitude on the degradation of stiffness is always apparent and
predominant, irrespective of the initial shear stress and stress ratio or pasttoyssic s
history and oveconsolidation history (Tatsuoka et al. 1979). This type oflmtus

strain dependence is at least as important as the dependence on confining stress and in
many applications can even be more important (Houlsby et al. 2005; Roscqge 1970
Vardoulakis 1980, Cubrinovski and Ishihara 1998, Michaelides et al. 1998).
Neverteless, the effect of void ratio and confining stress on the elastic and
elastoplastic moduli is discussed next.

The dependence of the elastoplastic moduli on the void eti® considered first. It

is apparent in Figs 2.12a and 2.13a that the tangehsecant elastoplastic moduli at

a given strain and confining stress level increases when the void ratio decreases.
Dense sands are stiff and deform less under a given shess increment because the
closely packed grains are mutually well supported arove only if the fabric is
unlocked by means of dilative processes. Elastoplastic moduli depend, also, on the
level of effective confining stress for a given strain leuad void ratio, as can be seen

in Figs 2.7a, 2.8a and 2.9a. Inelastic deformat®melated to a frictional sliding
mechanism, among other mechanisms such as dilatancy, so the confining stress
dependence is justified. However, the dilatancy contribusosuppressed gradually

as the confining stress increases.

On the other hand, thegtification of the dependence of the elastic moduli on void
ratio and confining stress needs a more scholastic interpretation. The reason is that the
mechanism of irreversie frictional sliding and the coupled (via dilatancy)
irreversible volume changeesulting from grains overriding other grains, is inert
during elastic deformation. To begin with, we present the classic relationship that
highlights this dependence (Handind Richart 1963):

G, = 2630 811—:'5 (FY° (pand G, inlb/h (2.5a)

for rounded sands (0.3e< 0.8), or:
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G =1230 821—:3 (BY° (pand G, in b/ (2.5b)

for angular sands (0.6 &< 1.3). The ternGmaxis the elastic shear modulus (i.e. the
slope dJJ do at very lowo, whereUando are the shear stress and shear strain in simple
shear or torsional shear mode)s the void ratio ang @& the mean effective stress. If

S.l. units are used (i.e. kNfmare ued instead of Ib/ R then the angularity
parameters 2630 and 1230 are substituted by 700 and 330, respectively (Richart et al.
1970). Affifi and Richart (1973) studied the time dependencénak and reported

that the length of time the confiningessue is applied on certain soil materials may
introduce important changes @maxdepending on the value of mean grain dimension
Dso. Nevertheless, the stiffness of sands is not significantly affected.

According to Eq. 2.5, the elastic modulus of saletreses with void ratio and
increases with mean effective stress. Higher void ratio means looser packing and less
grain contact points in a given volume of stressed sand. When a small increment of
stresscause<lastic deformation we can imagine that¢ thdued increment of strain

is higher if the grain contact points are fewer, because the load increment is applied
on fewer points. This means that the excestergranular stressis higher.
Consequently, the elastic modulus is lower when void ratigytseh, and vice versa.

On the other hand, if the same small increment of stress is applied on sand having the

same void ratio but subjected to higher effective confining stress then the elastic
modulus is higher. In order to understand why this happeesecadl that a single

point stressed contact between two solids cannot physically exist (Hertz 1882).
Johnson (2003) suggests that Aunder the ac
in the vicinity of their point offirst contact so that they touaver an area which is
finite, t hough small compared with the din
and b display thénterference fringesat the contact of two equal cylindrical lenses,

with their axes inclined at 4pbefore and after the loadird confct, respectively. It

is now reasonable to suggest that the grain contact surfaces are broader when the sand

is confined under a higher effective stress. Consequently, the incremead tiat

causes elastic deformation induces less incremesitaihbecause this load is applied

on abroadersurface at grain contacts and the excess intergranular stress is lower. This

means that the elastic modulus of sand is higher under higher effective confining

stress.

2.4 EFFECTS OF THRION-DIRECTIONAL CKARACTERISTICS OF
FABRIC ON THE DILATANCY OF SANDS

Sands subjected to shear deformation undergo irreversible volume changes. Loose
sands contract and decrease in volume, while dense sands dilate and increase in
volume. If the total volumechanges of wateraturated sands are restricted via
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imposing undrained conditions of shear deformation (i.e. blocking the drainage of
pore water) then an increase in parater pressure is observed undentractive
response, while a decrease in paagerpressure is obseed under dilative response.
The change in porevater pressure corresponds to the occurrence of plastic volumetric
strain albeit the zero condition on total volumetric strain; in this case, the plastic
volumetric strain is equal in magade with the elast one but of different sign hence

the total volumetric strain is zero.

The dilatancy of granular materials, which is the coupling between the plastic
incremental shear and volumetric strains, was first described scientifically by
Reynolls in 1885. It cabe stated that the dilatancy of sands is due to their particulate

nature: particle movements during deformation and failure of sands are not
necessarily in the direction of the applied shear stress (Rowe 1962). On the contrary,

solid steel can deform in tgear isochorically (before the growth of plastic holes)
because the fAisea of negative electronso, a
the dislocated positive ions together dAlik
metals exhit dilative behaiour, as reported by Gourlay and Dahle (2007), in a

pattern similar to the one exhibited by granular materials. The plastic incremental
volumetric strain of a granular material is related to the plastic incremental shear

strain via thedilatancy ratio, which is a function of the mobilised stress ratio; the

latter function is called thstress- dilatancy relationship

Taylor (1948) proposed a stresgilatancy theory based on energy considerations and
experimental results from direct shear tests on s&igure 2.21 presents the

idealisation of th&kinematics and statics of the shear zone of sand (shear band) that

dilates under shear distortion in plane strain mode. The reference to the positive axes

in Fig. 2.21 provides the convention of positive strasd displacement. Following

Tayl ords energy considerations, the increm
normal force per unit area of tiehearplane is:

GgwWe @D 0u | (2.6)

whereUand (6 are the shear and normal effective stress acting on the shear planes,
and un and uy arethe relative 2Bdisplacements of the shear zone boundaries in the
horizontal and vertical direction, respectively (see Fig. 2.21). Equation 2.6 can be
rewritten in tems of rate of work done by the stresses:

aw . . .
=u ' t 2.7
o a0 tani)) (2.7)

where(s is the mobilised Coulomb friction angle, agdis the mobiliseddilatancy
angle, while the two mobilised stress ratitan (s andtan ys, are functions of the
loading history parameter, (Vardoulakis and Georgopoulos 2005), that is:

tand :—U tani (2.8a)
u
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and:

¢
e

tany, =

o LEQY, (2.8b)

[enq
-

Granular materials are frequently assumed to be purely dissipative. Mieidianeans

that the grains are rigid enougind the elastic deformations are minimal hence the
elastic energy stored is practically negligible and the work done by internal forces is
almost completely dissipated, that is:

0w o (2.9)

where UD is the dissipated energy in heat production, acoustic emission, grain
crushing and grain attrition. It is noted that on the basighef 2nd Law of
Thermodynamics (Fermi 193@)is assumption yields that the fumtder incremental
work is positive,iW > 0, which in turn results in the condition that the mobilised
dilatancy angle is always lower than the mobilised friction angletii\e> 0 =>ys<

Us) (Vardoulakis and Sulem 199Vardoulakis and Georgopoulos 2005). Moreover,
Vardoulakis (1980) stated that the breakdown of the normality rule in sands and the
consequentonassociative flow rulgéSchofield and Wroth 1968) also resultthre
inequality ys < Us. However, Vardoulakisand Graf (1985) reported novel
experimental results indicating that inside the shear band it can exist divstbrt
transient phase of peHdilure deformation during which the normality rule
approximately holds (i.e¢s (s).

The stress- dilatancy tleory proposed by Taylor assumes that the energy dissipation
rate is constant and independent of the hardening paraiaeter

" Do 0 tangd = (2.10)
M

~

c

According toEq. 2.10, the sand dissipates energy in the same way as a-purely
frictional Coulomb material that deforms at constant volume with a constant friction
angle, as can be seen in Fig. 2.22. Many authors assumed that the mobilised friction
angle, Ueq, Of the egivalent (in energy dissipation aspects) pufeigtional solid

should be taken as the friction angle at the ultimate state of &Gandy at the phase
transformation pointlic,, because at these states the sand defatmmsnstant volume

with a constat friction angle Some authors (Rowe 1962, de Josselin de Jong 1976)

have proposed that the parameigjisa true angle of frictiomnd considered it to be

the interparticle friction angldje. However, Skinneroés (1969)
physical exgrimentsand Cal vetti 6s et al . (2003) num
Element Method simulations) do not verify this hypothesis.

Vardoulakis and Georgopoulos (200fgrived the following equation from EqQs 2.6,
2.9 and 2.10:
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tand,- t a,n=y (2.11a)
or
tand;= t g+ (2.11b)

Equation 2.11b indicates th&iet shear strength of sands is attributed both to frictional
resistance and to resistance due togiemetricalinterference bgrains. Notice that

Eqg. 2.11b, which is obtained based on energy considerations, is similar to Eqg. 2.3,
both indicating that necfrictional mechanisms, such as dilatancy, contribute to the
shearing resistance of sand&rdoulakis and Georgopoulos (200&s0 used Eqs

2.8a and b to revrite Eq. 2.11b in the form:

d =f -f (2.12a)

in which they have considered the equivalent stré&sftanction:

foq =tand,, (2.12b)

Equation 2.12a states that the dilatancy ratio is a function of the mobilised stress ratio
and becomes zero when the latter becomes eqtfa fatrinsic equivalent stress ratio.
Consequently, Eq. 2.12a is a streddatancy réationship.

Gutierrez and Ishihara (2000) modified the stiiesklatancy relationship of sand in
order to take into account the effects of fwmaxiality on the stissi dilatancy and
energy dissipation mechanisms. Naooaxiality is the nortoincidence othe principal
directions of stress and plastic incremental strain. This behaviour is in contrast to the
notion of coaxiality in plasticity (St. Vénant 1870) or imti®pic linear elasticity
(Ishihara and Towhata 1983) and is reminiscent of thecoamidity observed in
anisotropic linear elasticity (Vaniello 199Raftoyiannis 2007). Particularly, sands
exhibit strong norcoaxiality when subjected to loading withtatng stress principal
axes and weak netpaxiality when subjected to loading with fixsttess principal
axes, norcoincident with the principal axes of fabric (see Section 2.5), yet the degree
of noncoaxiality diminishes as the sand is sheared tor&ai8ymes et al. 1984,
Wong and Arthur 1985, Miura et al. 1986, Gutierrez and Ishihar&)199

The modified Tayloii Gutierrezi Ishihara stressdilatancy rule is:

dQJ:cL-

° Cc-% (2.13)
duf p
where the dilatancy ratio under triaxial lo=gl is:
D= dl; (2.14)
dy
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The term & is the plastic (irreversible) incremental volumetric strain digdlis the
plastic incremental deviatoric strain. The dilatancy rdfipdefines the direction of
plastic flow in theq (@) - p &dUP) space (Schofield and Wroth 1968). The
parameterdc = (Q /)c représents the stress rajo / at whéh dilatancy is zero
either at the ultimate or at the phdasmnsformation state (Gutierrez and Ishihara
2000). Thenon-coaxiality paraneterc which multiplies the mobilised stressratjo / p 6
varies with the stress ratio level and direction of incremental stress, and is introduced
to account for the nenoaxiality effects on the stresslilatancy relationship of sands.

It is noted thathe right parts of Egs 2.12a and 2.14 differ in sign due talifferent
conventions for positive quantities used. Figures 23a and b present the-stress
dilatancyplots from loading tests withoth fixed and rotating stress principal gxes

the latter case, principal stress rotation was performed at fixed efeectivess
principal values. The results in the first figure are not correctechdoicoaxiality

while the results in the second are. It can be seen that a practically uniqué stress
dilatancyrelationship may describe the behaviour of sand under loadihgbwth

fixed and rotating stress principal axes after the correction forcoaxiality is
applied.

Vardoul akis and Georgopoul os (-2 poi
formulation holds only for coaxial deformation. In the case that-auakial
deformation is developed smoothly, Vardoulakis and Georgopoulos (2005) suggested
that the modifiedrelationship proposed by Gutierrez and Ishihara (2000) should be
applied to account fonon-coaxiality effects. However, if during a deformation
processan abrupt rotation of the principal stress directions is induced, as in the case of
an incipient sheaband, then the modified dilatancy rule collapses. Gutierrez and
Vardoulakis (2007) reported that significant differences are observed in the-stress
dilatancy response of dilative sand subjected to triaxial loading before and after the
occurrence of shedand bifurcation. These differences were attributed to the strong
noncoaxiality occurring due to the sudden rotation of the stress principal axes in t
incipient shear band (Vardoulakis et al. 1978). Figure 2.24a and b show the stress
dilatancy plots before and after bifurcation, of the sheared samu &t 40 kPa and

120 kPa, respectively. It is apparent that the strelatancy path follows diérent

routes preand posipeak.

Many authors proposed various models to describe the stddssancy relationship

ofsandsaf t er Tayl ordéds theory was published.

model for the deformation mechanism of sand whichbased on geometrical
consideration of the spatial arrangement of grain particles, instead of appiginy e
considerations. The fundamental assumptions of their theory are shown in Fig. 2.25.
The spherical particles under the arbitrary geometrical packspdayed in Fig. 2.25a
representhe sand grains. The sliding of particles is the only deformatiarhamésm
considered and occurs along the direction of the tangent at the contact point between
adjacent particles. Even though different directions ofigdarsliding are physically
manifested, a unique inclination of the sliding planes is consideredjen @ aid the
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algebraic calculations. The direction of the sliding planes is different than the
direction of the planes along which the shear stisspplied, as can be seen in Fig.
2.25c. The angled between the two families of planes justifies tH#atancy
mechanism, while the evolution of this angle justifies the peak and the residual
strength of sand in terms of peak< max) and zerod{= 0) dilatancy rates. Under
these assumptions the theory suggests:

# =tan(l, +d (2.15a)

n

ad vo
&t S,

L‘.J =tand, (2.15.c)

n

Co

where the term (e is the interparticle friction angledmax is the maximum angle

between the planes of sliding and planes of sheatkamd 06, are the shear and

normal stress acting on the plane of shearing, @and{( Jpaxis the maximum ratio of

volume expansion tehear displacement. The residual strengiis mobilised when
Aparticles rise up on top abecomaegnaltot her a
zeroo, while the maxi mum st diemaximum(ies mobi I
the dilatancy rate is maxium).

Rowe (1962) studied the stresddilatancy relationship for regular and irregular
packings of uniform rigid rods and sphgr@wo different regular packings of rods are
shown in Fig. 2.26, while an assembly of spheres before and after being coohpresse
to failure is shown in Fig. 2.27. Rowe (1962) considered only the mechanism of
sliding between the rods or spheres in his stdelyr the two different packings,
shown in Fig. 2.26, subjected two-dimensional compressidonading, he found that
there exsts a unique energy ratio:

0 OL 0 tan(G_+ D
Jgop_ .0 0 tan(, (2.16a)
u, oy o 2 dv 0O t an
Tvd 2
D=1+ (2.16h)
V@

where the term on the left is the ratiotb&é work done per unit volume by the active
stresslia, to the work done Yothe passive stres®@d the intermediate term is the
energy ratio manipulated algebraically, the téfris the interparticle friction angle

and the ternb is the deviation of the tangent at the contact points from the direction
of (& (Fig. 2.26). Notice that compressive stress and strain are taken as positive,
while when the stress is in the same direction with strain rate (incremental strain) the
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wor k done is positive and the stress is ti
indicates the rate of theymbolisedquantity. Obviously, the rati® is a dilatancy
guantity. Rowe (1962hypothesised that Nature is efficient so the rate of internal
work doneA (i.e. the term on the left side &d. 2.16a) shoulcbe minimum. The
algebraic relationships for a minimum to occur afe/db = 0 and d& / db?> 0 and
yield b = 45]- (ic / 2, consequently the following stresglilatancy relationship is
produced:
A:# =tan (45 2.17)
P dv ©
2% VCDL:J 0

The stess- dilatancy relationship given big 2.17 was produced adoptirtbe

minimum energy rate principle. De Josselin de Jong (1976) obtained the esautie r

by considering the same model as Rowe (1962) but applying the friction laws only. It

is important tonote that the energy rate minimisation makes the stressRatiod /

G& uniquely related to dilatancy ratid, and independent of the particle packing,

described by the angle and void ratioge (Li and Dafalias 2000). However, Li and

Dafalias (2000) showed that the stress r&i@nd dilatancy ratioD are indeed

uniquely related for a given packing of rods, adicated by the equilibrium at rod

contacts irpackingA or B in Fig. 2.26, yet the value & (or D) is volume dependent.

The dependenc® = D(e) or D(b) (sincee = eb) ) iis due to the equ
kinematic microscopic constraints imposed by thegivepac ki ng o . Figure 2
that for a given stress ratip= (G& T 0&) / (6 + U&) the dilatancyD depends not only

ond but alsoon e andb.

The recognition of the factors that affect dilatancy is kbg to understanding the
behaviour of sands and modelling it within a unified framework. The stoésgancy
relationships proposed by Taylor (1948) and Rowe (1962) suggest that dilatancy is a
unique function of the stress ratio. This consideratiortraditts the experimental
evidence and makes the unified modelling of sand behaviour difficult (Li and Dafalias
2000). For example, Fig. 2.29 shows that Toyoura sand (tested by Verdugo and
Ishiharal996) may be contractive or dilative at the same stréisd.alhe observed
difference in the dilatancy behaviour is due to the difference in the material state,
expressed by means of the state paramgi@roposed by Been and Jefferies (1985).

Li and Dafalias (2000) pointed out that one more paradox aifigbe dilatancy is

considered as a unique function of stress ratio. Let us consider a rrediamse

sand subjected to undrained triaxial compression. As loading proceeds and the stress

ratio inaeases the sand response changes from contractive toedddtthe phase
transformation state (Ishihara et al. 1975), corresponding to stressqrativ®.

Afterwards, the material reaches the failure envelope, which is the peak stress ratio

line intheq-pd space, and continues to exhibit di
failure stress ratigf is equal to the critical stress ratibthough tle failure state is not
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identical to the critical state (the latter being the ultimate material state)deetize

void ratio is not critical (i.edf= M bute e; Penman 1953, Roscoe et al. 1958, Li
1997). Consequently, the effective stress path irmgth@ &pace travels to the right
along the failure envelope with slople= M still the dilation tendency ceases only
when the ultimate material state is reachéd fact, the dilatancy is gradually
exhausted during the constahphase that is termedilative shear failure(Li 1997).

It is obvious that if the dilatancy is considered a unique function of stress ratio (and of
some intrinsic material properties) then an inexhaustible dilatancy would be related to
the constant| phase. However, this behavioig na supported by experimental
evidence.

Moreover, the dilatancy of sand is zero at both the phase transformation and critical
state. IfD = D(d , (), as proposed by Taylor (1948) and Rowe (19&2n M¢
should be equal th and becaush! is an intrinsic material property so should also be
M¢. According to Li and Dafalia€2000), this means that the phase transformation is
intrinsic and the strss ratidViis independent of andp ,dwhile the response of sand
should change fromontractiveto dilative whenever the stress ratio reaches the value
MY (or M). However, it hadeen observed that wheris very high op @ very high

(or both) the sad does not exhibit phase transformation. More importantly,
experimental results indicate that as the sand becomes denséo (tieeombined
effects of e and p ophase transformatn is realised at a lower stress ratio. This
behaviour is evidenced in Fig.30 which shows the results from the loading tests on
Toyoura sand performed by Verdugo and Ishihara (1996).

On the other hand, an opposite argument is stated in the literdbawading to Vaid
and his colleagues, the constantume friction angle/(ic, is indeed an intrinsic
material property and so the stress rdtids unique;dcv is related tasin (icy in triaxial
compression conditions via the relationship (see Blya2.4) (Negussey et al. 1988,
Uthayakumar and Vaid 1998):

6 Gind,,

L= 2.18
(3- sindi, (218)

qIV=

The uniqueness of stress ratlg, indicates that all constamblume states, either
transient or steady, should have stress points i thp &pace that lie on the same
constardg line (see also Wood 1990). This concept is visualised in Fig. \2tdh
shows the phaseansformation state, the steady state reached after fully contractive
deformation and the steady state reached after\dilatieformation all lying on the
same line. However, experimental data reported by various researchers itiditate
the phasdransformation line has not a unigue slope (Verdugo and Ishihara 1996,
Nakata et al. 1998, Zdravkovic and Jardine 2001, Georgiaenal. 2018).

The statedependent dilatancy of sands was modelled by Manzari and Dafalias (1997),
Li et al. (1999), Li and Dafalias (2000) and other researchers. Cubrinovski and
Ishihara (1998) also proposed a stregshilatancy relationship that depends the
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material state via the implicit dependence of the introdudéddtancy parameteg

(the evolvinge is used instead of the fixéd or dc in Eq. 2.13) on the plastic shear
strain, while this strain is linked to the evolution of stae § Yothroughthe stress

strain model. However, even though the st@@pendent behaviour of sand is well
acknowledged (see Section 2.3), the strain is not a direct state parameter so this
formulation may become problematic (see also Li 1997). On the other hangn&/an

Guo (1998mo di f i ed R-aivaerkysrelaidnship ® sncorporate the density
dependence using the critical void ratio as a reference.

Presented in summary, Dafalias (Manzari and Dafalias 1997, Li and Dafalias 2000)
models take into accourthdt the phas&ansformation line is moving as the state of
sand changes. The current state of sand is described by the state payameter

e:(p Y introduced by Been and Jefferies (1985). The state parampetagasures the
distance of the current ibratio, e, of sand subjected to mean effective strgs$

from the respective critical void ratie;, at the same streps6as can be seen in Fig.
2.32. The virtualphasetransformation stress ratior dilatancy stress ratioM?, is

given by therelaionships:

M?=M + y( (2.19a)
according to Manzari and Dafalias (1997), or:

according to Li and Dafalias (2000). In the above relationships, the Neisnthe
critical stress ratio  / p )as in triaxial mode of loading(being different in
compression compad to extension mode), the terknandm are positive modelling
parameters, the tergis the state parameter aad the base of the natural logarithm.
It is noted that the critical stress ratio is Lealegledependent and in the general
mode of loading is obtained from the valuds and Me corresponding to triaxial
compression and extsion, respectively, as desaib by Wang et al. (1990) and
Manzari and Dafalias (1997).

The dilatancy function) = d&p/‘dqp‘ , is given by the relationship:

:% o e® d) (2.20)

wherey is the state parametdd, andm are positive modelling parametehd,is the

critical stress ratio and is the mobilised stresmtioq/ . i & apparent fronktq.

2. 20 t hat Ddepeerds ahithe differ@nmce of the current stress gdtiom

a reference stress ratibe™, which is similar to the stresdilatancy theory proposed

by other researchers (Rowe 1962, Schofield and Wt688, Roscoe and Burland

1968) but with the referelcstress ratio varyingwith i nst ead of being f
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and Dafalias 2000). It is noted that phase transformation occurs when the mobilised
stress ratiog, becomes equal to the virtual dilatancy stnegio, M.

Up to this point ofpresentationpnly the nondirectional characteristics of the fabric

of sands, measured by the void ragiowere taken into consideration. In the next
section, the directional characteristics of fabric are introduced and methods for
measuring these characteristics are pteserThe strength, deformability, dilatancy

and ultimate state of sands are considered under a revised framework in order to take
into accoumt thefabric anisotropy

2.5 FABRIC ANISOTROPY

Sands are particulate materials consisting of discretesg various shapes put
together in the field or in the laboratory mainly under the action of gravig. T
geometrical arrangement of sagrhins described with the terfabric (Oda 1972a,
Brewer 1964) is characterised by the density of packing as wé¢heaorientational
distribution of contact normal and particle directions. Fabric anisotropy results from
the shape and packing of the dsiped grains and can be described quantitatively in
the microscopic scale. Anisotropy in the microscopic scale atsotor the
anisotropic mechanical behaviour of sands observed macroscopically hence it is very
important to study the former in order todenstand the latter.

Kjellman (1936) was possibly the first to notice that when the graMdposited sand

is subjeted to isotropic compression it exhibits anisotropic deformability. He
observed that the vertical normal strain (i.e. the normal strangdlte direction of
deposition) is lower than the horizontal normal strains, which are practically equal.
Ladd et al (1977) reported that specimens of natural undisturbed sand subjected to
isotropic compression demonstrated a ratio of volumetric to at@ih equal to 5.8
and, thus, a ratiof horizontal to vertical compressibility equal to around 2.4 (Gazetas
1981). For isotropic materialsubjected to isotropicompressionthe three normal
strainsare expected to be identical. Sands formed in thd Gelin the laboratory by
means of gravity deposition aceossanisotropic r transversely isotropic) materigls
they exhibit a vertical axis of rotational symmetry and horizontal planes of isotropy.
Nowadays, the simple procedure of hydrostatic comiesis used in order to
characterise macroscopically the initial crasssotropic characteristics of fabric by
mears of deviation of the direction of incremental strain from the hydrostatic axis
(Lade and Abelev 2005).

An even more extreme example of gshdaformation of an anisotropic geomaterial
subjected to isotropic compression was reported by Allirot at al. (194®se
researchers studied a soft stratified rock with cegsotropic fabric. They formed
cylindrical specimens with the axis of the iogler oriented at various angldswith

respect to the normal to the strata, as shown in Fig. 2.33. The specimens we
subjected to many cycles of isotropic loading and unloading at elevated pressures; the
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pressure was increased in each cycle, reachingxammam value of 1000 bars (1 bar

= 0.987 atm) during the last cycle, and the anisotropic plastic deformation was
observed. The specimens characterised by an adigied& 90) deformed into elliptic
inclined cylinders. The specimen with= 0Jremained a right cylinder with circular
crosssection, while the one witd = 90Jremained a right prism but with elliptic
crosssection. All the deformed specimens are shown ¢ Fi34, while the cross
sections before and after deformation of the specimensdwitl) and 9@ are shown

in Figs 2.34b and c, respectively. Similar distortional patterns of deformation of
specimens with inclined axis of rotational symmetry subjettettiaxial or plane

strain compression along the vertical direction were reported by Boehler and Sawczuk
(1977) and Oda et al. (1978).

The aforementioned examples highlight the anisotropic deformation of geomaterials
under hydrostatic or d@toric loading. These results indicate that the fabric of
geomaterials formed by means of mere deposition in the laboratory or sedimentation
and lithification in the field is anisotropic. From a microscopic point of view, there are
some fabrierelated diectioral quantities that give a measure of anisotropy. These
guantities, as well as the techniques used to measure them in the case of sands, are
discussed next.

A. The orientational distribution of contact normal vectors gives a measure of
fabric anisotropy The gains of sand deposited under the action of gravity
have more contact surfaces with normals oriented along the direction of
deposition (Oda 1972a). The contact normal orientation is the direction of the
normal vectorN;, to the tangential contactame béween two grains; in fact,
there exist two opposite normal vectors a
different grain. Figure 2.35b shows a grain (G1) with four contact surfaces
characterised by the contact norm&s The contact normal$i can be
determined by measuring two direction angléand b with respect to three
fixed reference axes in the physical space, as can be seen in Fig. 2.36. The
angular frequency distribution of the contact normals or probability density of
the contact normal€(Ub), can thus be determined as a functiotJaind b.

This distribution provides, after tenscalculus manipulations (Satake 1978,
Oda et al. 1985), thimtensity of anisotropyi.e. the ratio of the major to the
minor principal component of the contamimal tensor, and thereferred
orientation of the contact normals.e. the direction along which the major
principal component of the contawbrmal tensor is observed. In order to
detect the contact points in a sand mass and determine the cmnrtaet
directions,Oda (1972a and b) impregnatetba-viscosity polyesr resin into

the pores of the sand specimens without disturbing the depositional fabric.
After a curingperiod, the resin turned into a hard vitreous matrix that kept
steadily the sand grains in their depositional configuration.sidielisedsand

was cu with a diamond saw and polished in order to preffaresectionghat

were studied by means ofpgtrographic microscoperlhin sections were cut
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along vertical, horizontal and inclined planes, as can be seen in Fig. 2.37. The
inclined planes were cut @5Jabove the horizontal plane. The directions of
contact normals were, then, determined by means of visual inspection.

B. The orientational distribution of nespherical grains gives a measure of
fabric anisotropy.The long axes of nespherical grains ten align with the
horizontal planes, called theedding plangswhen sand is deposited under the
action of gravity. The directions of the long axes of the gréliraxes) with
respect to the reference fixed horizontal axisafss) can be determined in
order to quantify fabric anisotropy. The angleetween the laxis and the X

axis is shown in Fig. 2.38 for a natural grain captured on a thin section; a
parallelogram is used to enclose the grain in order to determine the apparent
dimensions of the long drshort axes. The ratio of the length of kieg axis

to the length of the short axis, calledpect ratig affects the intensity of
anisotropy (Oda 1978), as will be shown next. If regular shaped elements (e.g.
oval prismatic elements) are used in pbghkior numerical experiments then

the exact sape and orientation of each element can be described by means of
a seconeébrder tensor (Oda et al. 1985). Oda (1972a) presented the
orientational distributions of the long axes of sand grains in the form of
frequency histograms

C. The orientational distribtion of elongated voids gives a measure of fabric
anisotropy. The volume occupied by grains inside a sand mass is
complementary to the volume occupied by voids, thus, anisotropy is
associated not only with thénape (and packing) of grains but also witke th
shape of voids. The process B described previously can be applied with some
modifications (Oda et al. 1985) in order to determine the relative dimensions
of the principal axes of the voids and the directiohshe long axes of the
voids. The orientatica distribution of elongated voids can, then, be used to
describe and quantify the anisotropy of fabric by means of a sexded

fabric tensor.

Figure 2.39 shows the results reported by Oda (1972a) irfiothe of frequency
histograms of the orientath angled of the apparent long axes of sand grains in a
vertical (V), an inclined (at 4kabove the horizontal plane) and a horizontal (H) thin
section. The thin sections were cut from specimens formed byngosand into a
cylindrical mould tapping the side wial to achieve densification and impregnating
the sand pores with th&tabilising resin; the anglesl were measured on the thin
sections by means of microscope inspection. It can be seen that ineh vastical
and incline sections there exists an aimonimodal frequency distribution with a
peak value indicating a preferred orientation at aradrf@l. On the other hand, the
frequency distribution in the horizontal section does not show any pmeéferr
orientation of the apparent long axes. Consequethigygrains tend to align their long
axes along the horizontal bedding planes perpendicular to the direction of gravity
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deposition. On the horizontgblanes thoughthe grains are randomly oriented
meaning that the sand exhibitisansverse isotropy

The transverse isotropy of sand makes the function that gives the probability density
of the contact normaE(Ub) degenerate t& = E(b), meaning that the distribution of

the contact normals depends only on the polar @ngled not on the azimuth andle
shown in Fig. 2.36. This function is plotted in Fig. 2.40 for the same sand for which
the histograms are pegted in Fig. 2.39 (Oda 19d). The angleb are measured on

the thin sections by means of microscope inspection. The dashed horizontal line in the
plot corresponds to the isotropic fabric with no preferred orientation of the contact
normals. It is obvious hat t he sanisotapisin theasbnsd tlrat the gontact
normals are highly concentrated at arodnd QJ, close to the vertical direction of
gravity deposition.

Figure 2.41 shows a cubic volume of a gravity deposited sand with elongatesl grain
and distinct bedding plas, called sand A, the frequency histograms and probability
density function of sand A are shown in Figs 2.39 and 2.40, respectively, indicating
the anisotropy of fabric in terms of particles and contact normals orientatiorbi@ cu
volume of a gravity depsited sand with rounded grains, called sand D, is also
presented in Fig. 2.41 for comparison. Sand D cannot exhibit anisotropy in terms of
preferred orientation of the longxes of graindecause the grain shape is nearly
sphercal. Still, the fabric of and D is anisotropic in terms of orientational distribution

of the contact normals and elongated voids. For example, Graton and Fraser (1935)
showed that when identical spheres are put into a random packing most of the
interpartcle contact planes have simangle dips. Moreover, Kallstenius and Bergau
(1961) found that the density of gravity deposited spheres is different in vertical than
in horizontal sections, and identified chdike sphere structures (see also Oda 1972a).
Li (2006) and Li and Dafalia®012) reported that the packing anisotropy of identical
rods with circular crossection affects dilatancy. These observations justify why
granular materials with nearly spherical grain shape can exhibit strongly anisotropic
behaviour (Arthur and Dunstah969 and 1970, Arthur and Menzies 1972, Shibuya
and Hight 1987).

Casagrande and Carillo (1944) distinguished ititeerent anisotropyof granular
materials, which is the result of the deposition process and grain shapetehstics,

from theinduced anisotropywhich evolves due to straining in response to the applied
stresses. However, many researchers argue that the deposition is, actually, a specific
stress strain history and propose the tedepositional anisotropinstead of the term
inherent anisotropy In general, whenever a granular material is subjected to a
deviatoric load the fabric characteristics evolve in order to sustain this load as
efficiently as possible. The deviatoric stregss given by the relanship:

q=\/—{(ﬁ1 G g 0570y L@ (2.21)
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wherel, U, Us are the principal values of stress. Note that only stress differences are
participating in the equation thus the total or the effectivesses (Terzaghi 1925)
can be used interchangeably. The deviatoric stgsgiiven by Eq. 2.21 is an
invariant quanity regardless of the orientation of the coordination system used. If
axisymmetric stress conditions are applied, thatis 06 | 06 or 6= 0ol 0&, the
invariant quantityq takes the simpler form:

a=t, - § (2.22)

The maximum deviatoric stress that can b&t@ned when a crossisotropic sand is
subjected to drained loading depends not only owdhee of mean effective strepsd
but also on the direction of thié&-axis with respect to the direction of the normal to
the bedding planes. This is a typieabmple of strength anisotropy of sands.

Oda et al. (1978) investigated the effect of ieméranisotropy on the strength,
stiffness and dilatancy characteristics of gravity deposited sand subjected to drained
triaxial and plane strain compression (T&I&PSC in abbreviation). The direction of

the Us-axis was fixed and vertical in both typestes$ting, while the bedding planes of

the specimens were inclined at various anghegth respect to the vertical plane. This
practically means that the bedding planes were horizontal WwheBQJ and vertich

when u = 0J. The techniques used to form specimens with-mazontal bedding
planes are presented in Fig. 2.42, for both types of testing. The sand was poured into a
tited container, forming horizontal bedding planes. The longitudinal axis of the
confainer made amangle U with the horizontal. Afterwards, the saturated sand was
frozen, rotated until the tilted container became vertical and trimmed to the
dimensions which fitted the apparatus used. The frozen specimens were covered with
a rubber membranand placedriside the cell of the apparatus. A low suction was
applied during the period of thawing. Afterwards, the specimens were consolidated
isotropically and subjected to monotonic drained PSC or TC.

Figures 2.43a and b show the stressain and wlumetric belviour of Toyoura sand
specimens with inclined bedding planes subjected to drained PSC and TC,
respectively (Oda et al. 1978). The influence of fabric anisotropy on the mechanical
behaviour of sand is immediately recognised. The peak strahdgiure,qp, and the
concurrent peak dilatancy ratio,tgl/ dQd)p, increase with the anglg for both PSC

and TC loading tests, though at higher strain a common ultimate strength is mobilised,
possibly due to the erasure of the initial fabric anol@ion of anew fabric common

to all specimens. The tangent and secant shear moduli, also, increase tivithgh

the initial slope seems to be independeni.dfigure 2.43a shows that, in the case of
PSC tests, the specimens with= 24Jand 3@ exhibit the minimumvalues of peak
strength. This is because wharr 15J- 30Jthe direction of thalG-axis makes an
angle of 60- 75Jwith the normal to the bedding planes and one ofplaees of
maximum stress obliquify.e. the planes on which the streatio U/ (iG, is maximum)
coincides or almost coincides with the bedding planes (see also Matsuoka 1974,
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Matsuoka and Ishizaki 1981, Tatsuoka et al. 1986b, Miura et al. 1986, Nakata et al.
1998, Lade et al. 2014).

Figure 2.43 shows that the peak strenigtimore sensitive tdin PSC than in TC tests,
which means that the effect of anisotropy on strength is more profound under plane
strain conditions (Oda et al. 1978). Moreover, the peak state is reached at smaller
strain and the peak strength is highard giventin PSC than in TC tests, at least for

the case withi = 2.0 kgf/cn? shown in Figs 2.43a and b. The peak dilatancy ratio is
higher under PSC than TC loading though this ratio is mobilised at lower atrdi
decreases quickly in the pgstakregime, resulting in a lower ultimate dilation (see

also Cornforth 1964). These observations may indicate that the condirkirtt
provides lateral support and enhances the fabric interlocking resulting in &lagnef
effect on strength (Tatsuoka et E#886b, Shibuya and Hight 1987, Zdravkovic and
Jardine 2000 and 2001, O6Sullivan et al
down the evolution of fabric up to the failure state and this may be the reason why the
initial fabric anisotropy has more prafod effect on the peak strength in the case of
PSC tests. Nevertheless, the fabric is unlocked after the peak state, possibly due to
shear banding (Vardoulakis et al. 1978, Vardoulakis 1980), and evolves more quickly
as the sand is sheared towards thenaite state.

In the study by Oda et al. (1978), the effect of inherent anisotropy on the mechanical
behaviour of sand was highlighted, yet, it was also suggested that the initial properties
of fabric evolve de to the imposed strestrain history.Oda (1972b) had already
measured one directional property of sand fabric as it evolved during deformation
under drained TC loading. This property was the r&ibS, of the summation of
projected areas of grain dawct surfaces on the vertical fdane &) to the
summation of projected areas of grain contact surfaces on the horizonalaXey

(S). The methodology used to determine thbric indexS;/ S is presented in Fig.
2.44a. The projected areas of graontact surfaces were measured on thutiges

cut from resinstabilisedsand using a petrographic microscope; stabilisationand
inspection techniques used were the same as the ones described previously. Two
vertical (V) and two horizontal (H) thin sections are shown in Fig. 2.44b. The first
pair of thin sections corresponds to specimed which was loaded until the stress
ratio, (4 / G, and the axial strairt}, reached the values 2.65 and 0.37%, respectively.
Afterwards, the axial load was removed and the specimen, which had poragsesatur
with waterresin solution, was left to cure under suction until it became hardyenou

to be treated and cut. The second pair of thin sections corresponds to spe@dmen T
which was loaded until the valuéé / i& = 4.09 andd = 5.18% were reached @n

then it was unloaded, left to cure and treated.

Oda (1972b) interpreted the eximeental results and measurements of the fabric
propertyS,/ Scand reported a finding with great importance for the comprehension of
sand behaviour. He stated thag tinobilised stress ratidfy / (&, and dilatancy ratio,
d0o1/ dJ, depend on the crent value of the evolving fabric proper§,./ S, in the

way described by the following equations:
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8, _, -

i =k 9; ks (2.23a)
49 B « 2.23b
a0 K, S o ( )

The termsk: to ks are material constants which Oda (1972b) suggested to be
independent of fabric and grain shape. Despite the dependence of the stress and
dilatancy ratio ors,/ S, Oda (1972b) stated that the streslatancy relationship is
actually independent 0%,/ S (see also Tatsuoka 1976) and can be given by the
following equation:

Co

Yy B gy (2.24)

U, du

The stress dilatancy relationship expressed by Eq. 2.24 was found to fit well, with a
unique set of parameteks and ks, the data corresponding pre-failure and failure
states from loading tests on specimens with inclined bedding planes at various angles
with respect to the major principal axis of stress, formed using two quartz sands and
different compactiomethods Qda 1972h) The tested specime had different initial

void ratios and were consolidated to different initial effective confining stregégs (

= 0.5- 3.0 kgf/cnf). Consequentlythe constantks and ks are independent of the
current value of ta fabric propertyS,/ Sc and are determined for each granular
material without being related to fabric. It was suggested thattbalfype of mineral

(or, alternatively, thentergranular friction angleje) affects these constants and not
the grain shap (see also Rowe 1962)he stress dilatancy plots of the two quartz
sands are shown in Fig. 2.45. However, it is important to note that recent physical and
numerical experiments showed the dependence of dtrellatancy behaviour on

both the state andnisotropy of sanderdugo and Ishihara 1996, Yoshimine et al.
1998, Wan et al. 2010, Huang et al. 2014) which was successfully simulated by state
of-the-art constitutive models (Manzari and Dafalias 1997, Ild Bafalias 2000, Li

and Dafalias 2002, Ddfas and Manzari 2004, Dafalias et al. 2004, Li and Dafalias
2012).

Oda et al. (1974b, 1982, 1985) investigated the sinesked anisotropy of granular
assemblies consisted of photoelastids with circular or oval cross sections. The
photoelastic rodsvere placed by hand in tilted containers, as shown in Fig. 2.46, in
order to form assemblies with inclined initial bedding planes. The bedding planes
inclination angled, is measured fronhe horizontal X-axis in these studies, meaning
that horizontal bedding planes correspond to0QJ, while vertical ones correspond to

d = 90J. The granular assemblies were subjected {axlal compression or simple
shear loading anghotoelastic picturewere taken at various states in the course of
deformation. In this way, the fabric properties of the granular assemblies were
monitored during the successive phases of monotonic loading and straining, without
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the need to follow the pwriously used methotlgy (Oda 1972b) of unloading
different specimens anstabilisingthem with resin, in order to inspect the fabric at
one state at a time. Figure 2.47 shows the photoelastic pictures of an assembly of
ovalshaped rods, with horizontahitial bedding planes subjected to biaxial
compression. The pictures are taken at various states, namely the initial, the pre
failure, the failure and the pefilure state.

Oda et al. (1985) used secendler tensors (Satake 1978) in order to desctiee t
fabric anisotropyassociated with contact normals, particles shape and voids shape.
Specifically, the fabric tensadxj describes the orientational distribution of contact
normals. IfN1 andN. are the major and minor principal componentdNgfthen tre

ratio N1/ N2 is an index showing the intensity of anisotropy due to the different
density of contact normals along the different directidie preferred orientation of
contact normals is defined by the inclination arlglevhich shows the directionaig

which the maimum value,N;, is observed. In the same way, the fabric tergor
describes the orientational distribution of rod particles with-cicoular cross sections.

If St andS are the major and minor principal componentSihen the ratics / Sis

anndex showing the intensity of anisotropy
long axes along the different directionckh e pr ef erred orientation

long axes is defined by the inclination anfjevhich shows the direction along which

the maximum valueS;, is observed. Lastly, the fabric tensdy describes the
orientational distribution of elongated voids. The ratio of the major and minor
principal valuesVi/ V>, is an index showing the imisity of anisotropy due to the
differentdensi ty of voidsodé | ong aXesprefarded n g
orientation of the voidsod | omgvhichshews i s
the direction along which the maximum vali, is otserved.The inclination angles

U b ando are measured with respect to the horizontal referenaxiX.

Figure 2.48 shows the evolution of the anisotropy indidgsNz, S/ S andVi/ Va,
inclination angled), b and o, stress ratiofié / (&, and vdumetric strain, Uo, with
increasing axial strair. The results shown are from-&kial compression tests on
three different assemblies consisted of two different types ofshagied rods (Oda et
al. 1985). The oval | rod has an aspect ratio equallipsothe particle has an almost
circular cross section, while the oval Il rod has an aspect ratio equal to 1.4, showing
an elongated shape of cross section. Figure 2.48 shows that the anisotrogysihdex
N: follows always the same evolution trendtlas stress ratiGa / 0, increasing pre
peak, attaining the maximum value at failure and then decreasinggaistHigh but
different values of the indeMi/ N>aremobilised at failuradlepending on the typef
oval rods and the value af for exampleN:/ N2 > 30 inthe case of oval Il rods
assembly withd = 0J, N1/ N2 > 3.5 in the case of oval Il rods assembly vdth 6QJ
andN:/ N2 7 in the case of oval | rods assembly vdth QJ.

Figure 2.48 also shows that the preferred orientation of contact normalssdiread
whend = QJ, irrespective of the type of oval rods, since the inclination ddgleows
a constant value of around B@da et al. 1985). This means that when(iheaxis is
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normal to the bedding planes the major principal direction of the fadmgorNj

remains fixed as the assembly is compressed and only the fabric intensity changes. On
the other hand, in the castoval Il rods assembly witt = 6QJ the inclination angle

U has an initial value of around 13@&nd changes gradually in the cem of
deformation towards the value of BT his means that the major principal direction of

the fabric tensoNj rotates because the density of the contact normals builds up along
the direction of theld-axis which is initially different than the priipal direction of

the fabric tensoN;.

Oda et al. (1985) drew two important conclusions regarding the evolution of the fabric
tensorNj. The first is that the strain hardening procefsa granular assembly (i.e. the
increase in stress ratio with shestrain) is closely related to the appewe of new
contacts along the direction of tli&-axis and elimination of existing contacts along

the direction of thel®-axis. This mechanism results in increasing fabric anisotropy
intensity associated with the formation of colufike structures of paicles bearing

the compressive load along tlirection of theld-axis (see Fig. 2.47c). These
structures will be calledorce bearing chain®r force chainshereinafter. After the

peak state (failure state) is reached, the force chains begin to buckleokapse
leading tostrain softeningi.e. © a decrease in stress ratio with shear strain). Oda et al.
(1985) stated that the structural col |l apse
normalsat the ultimate state, as indicated by the rapid decrease in theNndék
postpeak (see Fig. .28). However, the fabric at the ultimate state is definitely
anisotropic as has been recently shown by physical and numerical micromechanical
studies (Thonton 2000, Fu and Dafalias 2011b, Li and Dafalias 2012, Zhao and Guo
2013, Wiebicke et al. 2017). €rsecond conclusion drawn by Oda et al. (1985) is that
the major principal direction of the fabric tensdy rotates in order to become
coincident with tle fixed major principal direction of the stress tensor. Consequently,
the contact normal fabric tensevolves norrwise and directiowise during loading

with fixed stress principal axes.

Oda and Konishi (1974a) pointed out that the major principalttreof the contact
normal fabric tensor rotates towards the major principal direction of the ttress

also in the case that the latter rotates as well. They performed 2D -sinaale
loading tests using photoelastic cylinders of different radii, whiere packed
randomly in dense and loose assemblies with horizontal bedding planes. Figure 2.49a
shavs the results from these tests in terms of the shear force and volumetric strain
plotted against shear distortion. The direction anfewas defined ashe angle
between the normal to the contact of two adjacent cylinders and the referarie Z
shown in Fig. 2.49b. The evolution @ at each contact was monitored using
successive photoelastic pictures taken during loading and thereyakentational
distribution of contact normals was then determined as shown in Figs 2.49 ¢ and d for
the cases a dense and a loose assembly of cylinders, respectively. It is apparent that
the predominant orientation of contact normals changes fdow@rds 43in order

to align with the rotatingiGi-axis during the simple shear loading (Roscoe et al. 1967,
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Roscoe 1970). It can be also inferred that as the shear force increases new contact
normals appear near the direction of fide-axis and existing contact normals isn

near the direction of #1100 -axis. Consequently, the contact normal fabric tensor
evolves normwise and directiofwise under the concurrent increase in shear stress
and rotation of the stress principal axes.

Oda et al. (1985) showed that the fabremdors related to particlesnd voids
orientation also evolve in the course of deformation though at a different rate than that
corresponding to the contact normals fabric tensor. With reference to Figs 2.46, 2.47,
2.48 the evolution of the fabric tensetated to particles orientah is discussed next.

It is apparent that the fabric anisotropy intensity is higher in the case of particles with
elongated shape of cross section (e.g. oval Il rods). The oval | rods have almost
circular cross sections so tlamisotropy indexS. / S expressing the ratio of the
principal values of the fabric tens&; does not exceed 1.1 and is omitted in Fig.
2.48c. In the case of oval Il rods assembly wdtk 0J (Fig. 2.48a) the preferred
orientation of the long axes of particles is initially at amlanof b = 0Jto the
horizontal and increases slightly at ptsture states. Accordingly, the anisotropy
indexS1/ S has an initial value of approximately 1.3 and drops to 1.2 at the ultimate
state. In the case of oval Il rods assembly with 6QJ (Fig. 2.48Db), the direction
angleb is initially equal to 60and deceases slightly with vertical strain, while the
anisotropy indexs, / Sis initially equal to 1.3 and drops to 1.1 at the ultimate state. It

is important to notice that the direction anfjland the anisotropy inde%/ S remain
approximately constanintil the failure state is reached. This means that the particles
orientation evolves very slowly and can be thought of as a fabric characteristic that
endures during shearing up to the feslstate, justifying the observed effects of the
inherent anisotnay on the strength and dilatancy of granular materials.

Oda et al. (1985) observed that the initial shape of voids is almost circular in all
assemblies tested, as can be seen in Figs 248& ¢ which show that the value of

the anisotropy inde¥X1/ V2 expressing the ratio of the principal values of the fabric
tensorVj is around 1.1. However, the shape of voids becomes elongated in the course
of deformation since the anisotropy indéx/ V2 increases and reaches its maximum
value of around 1.5 atrige strains related to pefilure states, and afterwards begins

to decrease. It is interesting to notice that the voids become slender and
simultaneously their growing long axis rotatesonder to align with the direction of

the (6-axis. Figure 2.50 liistrates in successive photoelastic pictures the evolution
mechanism that makes the smaller voids connect with each other to form elongated
voids that exist between the colusike structures of particles that support the
compressie load. Oda et al. (198 suggested that the slender voids are prone to
collapse upon stress reversal or lateral loading and this microscopic mechanism
associated to stregsduced anisotropy may justify the macroscopically observed
contractive behaviouof sands under such laad conditions (Ishihara et al. 1975,
Goldscheider 1975, Yamada and Ishihara 1981, Vaid and Chern 1983, Papadimitriou
et al. 2001, Dafalias and Manzari 2004a).
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Up to this point, the directional fabric characteristics that aredtiees of anisotropy

of granular materials have been presented and the physical techniques used to
measure these evolving characteristics have been discussed. Apart from physical
techniques, there are alsomerical techniges which allow the measurementtbé
directional fabriccharacteristics, as well as a number of other properties at the micro
scale. The most popular of these techniques iDtberete Element MethofDEM),
introduced by Cundall and Strack (1979).

The basic idea of DEM is that the maalcal behaviour of ansaembly of discs,
spheres or otherwise shaped elements can be described by applying the fundamental
laws of Mechanics. A small number of mechanical parameters, such as the
intergranular friction anglefls, and the normal and shediffsesses at the grain
contact pointsk, and ks, respectively, are used in the foreadisplacement law

(Hookebs | aw), Coul ombés friction | aw and
define the position, velocity and acceleration of the discrete etspanwell as their

interaction (Cundall and Strc k 197 9) . As stated by Cundall
interaction of particles is monitored contact by contact and the motion of the patrticles
model |l ed particle by particleo.

DEM simulations offer the adwtage of scholastic monitoring and direct
measuement of the fabric properties, at any state during loading. Complex stress and
strain histories can be applied under various boundary conditions, manipulated
skillfully. Specimens can be formed to have ttesired initial fabric characteristics
(anisotrojic or isotropic, homogeneous or intentionally inhomogeneous etc.), while
identical specimens can be tested multiple times. Moreover, local measurements of
strain or void ratio are easily acquired when peniog DEM simulations, for
example inside the shehand or in an arbitrary domain inside the specimen (Fu and
Dafalias 2011a). Despite the small number of elements that is usually used due to
computational limitations it has been shown that many aspedtseaihacroscopic
behaviour of granular materialsan be simulated efficiently using DEM, while
concurrently insight is gained into the mechanisms governing the microscopic
behaviour. Selected results from DEM studies will be presented next, without
investgating the details ithe numerical techniquesed

2.6 EFFECTS OF THE DIRECTIONAL CHARACTERISTICS OF
FABRIC AND GRAIN PROPERTIES ON THE FRICTIONAL
BEHAVIOUR OF SANDS

Coul ombbés failure criterion for sheaanul ar r

failure on a planeThe maximum value of shearess(} that a norcohesive granular
material cammobiliseon a plane, for a given normal strég acting on this plane, is

given by Eq. 2.1; that idj = tarii G&, wherelii s t he materi al 6s
resistance. This relation is the wkliown Coulonb 6 s s hear failure
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strength characteristics of granular materials are frequently determined experimentally

by means of triaxial and plane strain compressasts under drained conditions. In

both testing procedures, the minor principal eéffee stressid is held constant while

0d increases, due to the imposed increments of displacement or force, until it reaches

the maximum valuéd, at failure; note tht the material fails when stress rafie q/

p @rsinl,= (&7 0&)/ (06 + 0&) becomesmxi mum. I n this case,
criterion suggests:

=

oo

1p
lp+

sin(i =

(2.25)

Co
oo

Notice that Coul omboés Criteear plane basek pr es s e
formul ation of failure condition, whil e Mo
principal stress space based formulation (Fu and Dafalias 2011a, Tong et al. 2014).
Nevertheless, it is common in soil mechanics practice to converhgheriderion imo

the other and use the -salled Mohr- Coulomb failure criterion. The graphical
representation of the MohkrCoul omb criterion is shown in
circle expands, asd increases, until it touches the failure line whicl isoundary to

the admissible stress states. Note that both stress ratia$ &sa sin( can be
determined using the Mohroés circle shown i
fail on the plane of maximum stress obliquity, along which the maximum WAfié,

is motilised. The slope of the failure line i8)/((i&)max0r tand; the shear and normal

stresses acting on the failure plane are given by the coordinates of the point at which

the circle touches the failure line (point a in Fig. 2.51c).

Let usconsider the @ in which the material tested exhibits fabric anisotropy. The
tilting angle G, is defined as the angle between the bedding plane of the granular
material and the plane on which the principal stéésscts, as shown in Fig. 2.51a.
The titing angleu is substantially the same as the andgldefined in Fig. 2.46,
ranging between Xand 90. As has been already presented, if a granular material
with tilted bedding planes is subjected to drained plane strain compression the failure
stress rio (or the failure major principal stres3d,) is strongly dependent din(see

Fig. 2.43a). Consequently, in many studies the angle of shearing resistance is
suggested to be a functionénd is expressed lrgorganising Eq. 2.25 to yield:

7 - _1é'ljl-p ( l
. — 2.26
U( &) ?i‘p—m ( )

However, Fu and Dafalias (2011a) pointed out that the applicability of Eq. 2.26 to
anisotropic materials needs careful consideration because sonesvortbly
assumptions are implied. Specifically, it is assumed that aoygotential failure
plane the maximum feasible shear stré§sis proportional to the normal effective
stress,(, via the relation = tar(i (i, where the angle of shearing resistarige,
depends om; (i does not depend, though, on the inclination ofattealfailure plane

¢
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with respect to the bedding planecBndly, it is assumed that failure occurs when the
mobilised stress ratid/ (G becomes equal to t@hin any plane

Concerning these assumptions, Fu and Daf al
anisotropic strength characteristics, shear gtrens apparently dependent on the
orientation of the potential shear plane with respect to the bedding plane, but such
shear plane does not have to coincide with
(see also Roscoe 1970, Vardoulakis et al. 1978, Véakisu1980); note that the
termsshear planeandfailure planeare used interchangeably. For example, in Fig.

2.51b the maximum stress obliquity plane {a) is displayed together with two other

potential failure planes (bb and c- c). Failure actuallyoccurs on the plane along

which the mobilised stress ratid (&, first reaches the maximum feasible stress ratio

/ G& which in fact depends on the orientation of the potential failure plane with

respect to the bedding plane. Consequently agplare is not necessarily the failure

plane even though on this plane the mobilised stress Wati@, is higher than that
corresponding to the other planes. This is because the maximum feasible strégs ratio

/ GG (i.e. the strength in terms of stressapn a- a plane may be greater than that

on the other planes in a higher extend (Fu and Dafalias 2011a).

Fu and Dafalia (2011a) described the orientation of the bedding plane with respect to
the failure plane by means of theclination angle,y (or yb), which is the angle that

the failure plane should rotate in the direction of shear (clockwise or counterclockwise)
in order to coincide with the bedding plane. The inclination agghas values in the
range betweenXand 180; Figure 2.52 shows how theclination angley is defined

and highlights its usage in geotechnical analysis and design. For example, in the
analysis of foundation bearing capacity (Fig. 2.52a) and slope stability (Fig. 2.52b)
problems the failure plane is known or assumed and thmatceffective streses
acting along it can be approximately calculated based on the current conditions
(though, the previous stresstrain history also influences these stresses, as indicated
by Tavenas et al. 1980), while the principal stresses irstiiebody are typially
unknown. Consequently, a failure criterion basedyomstead ofti is preferable.
Moreover, Tatsuoka et al. (1990) reported two types of shear bands in laboratory
testing, namely the Aype and Btype shear bands shown in Fig. 2.51d, which cannot
be dstinguished if the failure criterion is formulated inimmipal stress space; this
means that it cannot be predicted whether the failure plane (shear band) in a triaxial or
plane strain compression test points upwards of downwards from left to righly,Fina
Desrues et al. (1985) stated thatalisationof strain (shear banding) occurs rather
inevitably at large strains thus the deformation of sand masses bifurcates ultimately
into the plane strain mode, irrespective of the initial boundary conditiostyjng

the usage of a shear plane based failure imiter

Fu and Dafalias (2011a) performed 2D DEM simulations of direct shear and biaxial
compression loading on assemblies of elliglsaped particles. The fabrication of the
master pack fronowhi ch the various speci medosit wer e i
by pluviating the particles under gravity and achieving a strong bias in the orientation
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of the long axes of particles. The master pack was homogeneous in terms of void ratio
distribution and ehibited strong fabricanisotropysince most of the longxes of
particles were aligned parallel to the horizontal. The results of the numerical
fabrication process are shown in Fig. 2.53. Afterwards, the master pack was rotated
counterclockwise by an arggy and a specimen appropriate for direct shear testing a
this value ofy was trimmed out in a horizontal direction, as can be seen in Fig. 2.54.

Numerous direct shear tests were performed by Fu and Dafalias (2011a) at various
inclination angley under wo different normal effective stressés. Selected redts

are shown in Fig. 2.55 in the form of plots of the mobilised stress Wtig and
volumetric strainQ} versus thehorizontal relative displacement of the two virtual
loading walls (Fig. 2.54b). The fundamentbEhavioural patterns of granular
materals were reproduced in the 2D DE#imulations:the peak value of the stress
ratio, (J / &, was found to depend op, while the ultimate value was not; higher
value of J/ G& was associated with higher peak dilatancy rate and higher ultimate
dilation; after the peak state was reached, a softening behaviour was occasionally
evidenced towards the ultimate state. Th@aoase in terms of evolution of the stress
ratio with shear distortion for a given inclination anglevas the same for the two
different rormal effective stresses. It is worthyriotethat the maximum value &f/

06 is exhibited whery = 115), insteadof 90J, while the minimum value df/ (& is
exhibited whery = 60QJ, instead of O

Figure 2.56 shows the variation of the peak strais &}/ (& with the inclination
angley in linear and polar coordinates system reported by Fu and Dafalias (2011a).
Strong anisotropy in the strength characteristics is evidenced, with the maximum and
minimum values of / (& corresponding toy = 115Jandy = 60J, respectively.
Similar findings were reported earlier by Mahmood and Mitchell (1974) and Guo
(2008), who used modified direct shear apparatuses to test physical granular materials
with tilted bedding planes. Mahmood and Mitchell (1974) tesptimens vih y =
0Jandy =90QJ, and found that the latter exhibited much higher shear strength than the
former. Guo (2008) performed direct shear tests on specimensywithrying
between0Jand 90J, and found a minimum of strength yatbetween 8Jand 45],
dependng on the type of sand tested, void ratio and stress level. The maximum
strength was always exhibitedyat- 90J. Guo (2008) did not perform testsyat 907,
presumably due to the false hypothesis that the strength variation ywith
symmetrcal about tk vertical axis ofy = 90J (Tong et al. 2014). However, the
distribution tar(ip(y), shown in Fig. 2.56, is neither symmetrical aatirsymmetrical

about a vertical axis, though it is periodic with the prime period(@e. 18Q) (Tong

et al.2014).

The distribution of peak stress ratio with shown in Fig. 2.56, indicates that a shear
failure criterion for granular materials with inherent fabric anisotropy can be
formulated in the following equation:
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q_
- =tangi( )
(2.27)

Equation 2.27 states that #Athere exists

acting on a shear failure plane, with the inclioatangley of the original bedding

pl ane with respect t o {20il%a). kthieway, thp faiue e 0
criterion accounts for the kinematics of the failure mechanism instead of considering
only the stresses in the principal stress space; this isvachby comparing the
mobilised stress ratit)/ 06 and the maximum feadib stressratio |/ 06 on each
kinematically viable failure plane.

Fu and Dafalias (2011a) checked the peak strength predinotiaccordance to Eq.

2.27, which was based on numerical simulations of direct shear loadaigstathe
results from numera simulations of biaxial compression loading. The specimen
preparation method, consolidation and shearing process in the biaxial compression
tests are shown in Fig. 2.57. Note that the tilting angle$ the specimens tested
varied betweel®J and 90 due to the symmetry of biaxial stress conditions, as can be
seen in Fig. 2.57a. The variation of the peak stressdatibtic with the tilting angle

U is shown in Fig. 2.58: the results from the biaxial compression tesis @@od
agreement with theredictions based on the results from direct shear tests. The peak
stress ratio firstly decreases and then increases slightlyiwétkhibiting a minimum

at U = 60QJ. It should be noticed that the minimum strength is exhibitetthteasame

value ofy = 6Q0Jandl = 6QJ (Fig. 2.56 and 2.58) in the simulations of direct shear
and biaxial compression loading, respectively, only by coincidence. Different
mechanisms are responsible for the minimum strength in each case. For example, in
the case of biaxial compgen loading the maximum stress obliquity plane coincides
with the bedding plane whan= 60J, resulting in low strength because sliding occurs
more easily along the bedding plane (Matsuoka 1974, Matsuoka and Ishizaki 1981,
Tatsuda et al. 1986b, Miura etl. 1986, Nakata et al. 1998, Lade et al. 2014).

The results from the simulation of biaxial compression loading on the specimen with
a tilting angle ofti = 30J are shown in Fig. 2.59 (Fu and Dafalias 2011a). Specifically,
Fig. 259a shows the calculated mobilised stress ratidgié on all potential failure
planes for two values @it / 06, together with the predicted peak stress rigtiait, at

the same potential failure planegtermined using Eq. 2.27 fitted to the resditbm
direct shear tests. The loci of equal mobilised stress ratio are plotted ggairtsh,

the latter of which is the angle between the horizontal and the poteiltia¢ plane,
called theshear plane angleThe graphical definition of angkeis shown in Fig. 2.60,
while Eq. 2.28 gives the relation betwagib andy :

gli- b i
y=i18®+ & b ifj (2.28)
1b- o - i
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As can be seen in Fig. 2.59a, failurgpisdictedto occur atlia/ GG= 397 along the
shear plane witth = 113J, which is close but not identical to one of the maximum
stress obliquity planes. The corresponding inclination angle of the bedding phgne is

= 83J (reported by mistake equal toJi8 the original text by Fu and Dalfas 2011a).
Moreover, the plane with = 58 is on the verge of failure, since the mobilised stress
ratio is U/ 06 = 0.98J/ G6. The plane withb = 58Jis thus termed the secondary
failure plane, with the primaryding the one withtb = 113J. It is noted that the
secondary failure plane is close but not identical to the second maximum stress
obliquity plane. The predictions are in very good agreement with the results from the
biaxial compression test, as the mateaeiually failed atlo / G& = 3.84, which is

only 3% lower than the predicted value of 3.97; moreover, the inclination of the
primary and secondary failure plane observed in the biaxial compression test (Figs
2.59b to e) agrees remarkably well with theedicted value in each case. The
simulation also showed that the secondary failure plane dominatdectiesation
pattern at large strains, a phenomenon observed in physical experiments and reported
by Desrues et al. (1996) and Desrues and Viggiani (2004

The failure criterion proposedy Fu and Dafaliag2011a), which was based on 2D
DEM simulations of direct shear tests, predicts accurately the failure stress ratio and
orientation of the failure planes of a granular material with inclined bedding planes,
subjected to virtual biaxial copression. Howeverthe success of the criterion and
DEM simulation techniques was far more than that. Tong et al. (2014) performed
physical direct shear tests on two sands and one blend obgidsand validated the

DEM predictions concerning the vai@n of peak stresratio in the full range of
bedding plane orientations with respect to the failure plane. Specifically, the DEM
prediction that the peak stress ratio is attainedyfdneyond 90, a fact that is
somewhat counterintuitive and not reportediterature athe time of predicting, was
verified by the physical direct shear tests carried out subsequently. This event is called
anA-class prediction

For the sake of History dbcience,we note that possibly the most famousclass

prediction wa made by Albert fstein in 1915 when he published his work on

General Relativity General Theory of Relativity (GTR) is the geometric theory of

gravitation whichgeneraliseNe wt onés | aw of Uni ver sal Gr av
1687) and states that gragviis a geometric poperty of space and time. GTR

predicted that a beam of light is bent when it passes next to an object with big mass

due to thecurvature induced in the spacetime by that mass. The prediction was

verified at the eclipse of 1919 by Eddiagt(Hobson et al2006). Regarding Soil

Mechanics, another famousdass prediction was made by Vardoulakis et al. (1978),

a few years after Roscoeb6s historical l ect
Vardoulakis et al. (1978) predicted theoretigahd verified exprimentally the effect

ofnoncoaxiality on the inclination angle of
and Roscoebs solutions are actually two e

nontcoaxiality (see also Arthur et al 1977b, Vartikis 1980). It ishoted that one of
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the aims of the present study is to validate the prediction made by Dafalias (2016)
which states that the sand will contract plastically if the stress principal axes are
rotated at critical state while keeping the efifexstress pringal values constant.

The results from the physical direct shear tests performed by Tong et al. (2014) are
shown in Figs 2.62 to 2.67. Tong et al. (2014) investigated the behaviour of Fujian
sand, mica sand and a blend of glass beadss@dming electromicroscope images

of the grains as well as the gradation curves of the materials are presented in Fig. 2.61.
The influence of the bedding plane inclination angleon peak friction anglé, for

all the granular materials tested is shown in Fig. 2.62.vBniation oflp with y,for

the 2D virtual material used in the DEM simulations of direct shear tests performed
by Fu and Dafalias (2011a) is also shown, for itptate comparison. It is apparent

that the novel findings of the latter authors aeefied physically since the maximum

Up is exhibited forypbeyond 90in all cases expect of glass beads. The actual values
of yb corresponding to maximum and minimuiy depend mainly on the shape,
surface texture and angularity of the material grains. However, both the natural
materials and artificial material exhibitegh - (i, curves that have an ascending
segment followed by a steepliescending segment. The stronglyisatropic
characteristics of the packing of almost spherical glass beads, which demonstrated a
difference between the maximum and minimimequal to §, are notable (Fig.
2.62d).

Figure 2.63 showthe stress ratid)/ (& and vertical displacemeri plotted against

the horizontal displacement for mica sand sheared &b = 150 kPa (Tong et al.
2014); it is noted that the relative vertical and horizontal displacements of the two
shear boxes are related to the volumetric and shear strain, redpgedtamce the
slope di/ dii is @ measure of dilatancy (see Eq. 2.8b). It is apparent that the bedding
plane inclination angley, affects significantly the evolution of the stress and
dilatancy ratio until the peak state is reached. The maximum peak siefor mica

sand is exhibited foy,= 120J and the concurrent peak rate of dilation demonstrates a
maximum value as well. Mica sand is not at the ultimate material state when shearing
is terminated ath = 7.2 mm. However, the stress ratio curveswslatrend to
converge into a unique line, irrespective of the initial bedding plane inclination angle.
This trend indicates that the behaviour of sand at ultimate state is governed by the
intrinsic characteristics of the material, while the initial faloieracteristics have

been altered dramatically (see also Sadrekarimi and Olson 2011 and 2012).

Figure 2.64 shows the/ (& - Uh andi - U curvesfor Fujian sand sheared &= 300

kPa (Tong et al. 2014). The behaviafrFujian sand is qualitatively similar to the
behaviour of mica sand, yet, some differences are apparent due to the different
physical and morpholagal characteristics of their grains. The peak stress ratio in the
case of Fujian sand is reached at lowghan in the case of mica sand; however, in
both cases the influence of the bedding plane inclination gmgla the displacement

Un correspondingto peak state is minimal. Tong et al. (2014) suggested that this
behaviouralpattern is due to the vanan of the thickness of shear band, which is a
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function of the mean grain dimensidg (Roscoe 1970Muhlhausand Vardoulakis

1987, Oda et al. 1998 da and Kazama 1998). Higher valuedefmeans wider shear

band and, consequently, larger shear displacement is required to reach the peak state.
It is also apparent that the mobilised peak stress ratio depengs, avhile the
ultimate stress ratio does not. However, in sa@&s, the severe idtortion of
specimen at large displacements and, possibly, the tilting of the loading plate lead to
an increase in stress ratio and decrease in volume. Fujian sand ekbilortaximum

peak stress ratio fofp= 105), while it exhibits two local minimumef U/ (i, for yp=

30Jand 150; the peak dilatancy rate and ultimate dilation are, also, maximugy for

= 105].

Figure 2.65 shows thed/ (&, - U» andi, - U» curvesfor the glass beads blend sheared at

0& = 150 kPa (Tong et al. 2014). Despite the high sphericity of glass beads, this
granular assembly exhibits strong anisotropy. The peak stress ratio, peak dilatancy
rate and ultimate dilation depend agm; the difference btween maximum and
minimum Up is 6J. The blend of glass beads exhibits the maximum peak stress ratio
for ypb= 90QJ, while it exhibits two local minimums d (& for y»= 153 - 30J andyp=

165J; the peak dilatancy rate and ultimate dilation are, alsajmuan fory,= 90J.

The peak state is reachedlak 1 mm because the value @ is low, hence, the
thickness of shear band is small. Moreover, the grain interlocking is weak because the
grairs have smooth surface and spherical shape, thus, the djilataiiec reaches
quickly its peak value.

Figure 2.66 shows thealue ofip - (i;™" plotted againsl in a polar coordinates
system for the three sands tested by Tong et al. (2014), in order to highlight the
influence of particle sphericity, roughness anduarity on the direction dependent
component ofi,. The radial coordinate i%- (ip;™", while theangular coordinate g,

An interesting conclusion drawn by Tong et
not surface texture determines the degredepiendency of shear strength on loading
directiono. The flaky shape of thefgrains

the differenceli, - (™", equal to almost 1) while the more spherical shape of the
grains of Fujian sand and glass beads spords to a lower value of around, 5
irrespective of the different degree of surface roughness and angularity that
charactesesthe latter two materials. On the other hand, Tong et al. (2014) pointed
out that the surface texture does affect the abswhltee of peak and ultimate shear
strength, as can be seen in Figs 2.63, 2.64 and 2.65.

The mobilised friction angle and ditatcy angle are quantitatively related by the
equation proposed by Bolton (1986):

G,= (i + 0 .{® (2.29a)

where(pis the peak friction angldj: is the residual friction angle at ultimate state
and y4d"* is the maximum angle of dilation, calculated frone ttesults of drained
plane strain compression tests using the following equation:
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[} c

Y= ar c—S—i—ng'.sE (2.290)
)

where{Jand Lg are themajor and minor principal strain rates, which correspond to the

increments okertical and horizontadtrain, respectivelyNotice that Eq. 2.29b can be
applied, also, with a minus sign in the numerator of the fraction, in accordance with
the conventiondr the positive strain rates usetbng et al. (2014) found that Eq.
2.29a is valid qualitatively when direct shear tests are performed on specimens with
different bedding plane inclination anglgs. Specifically, they found that the
maximum dilation angy " and the angle differend®, - (; show similar variation
trends withyp, as can be seen in Fig. 2.67.

2.7 EFFECTS OF THE DIRECTIONAL CHARACTERISTICS OF
FABRIC ON THE STIFFNESS OF SANDS

The dependence of elastic stiffness moduli on void ratiand mean effective stress,

p Ohas already been discussed in Section 2.3 and microscopic mechanisms that may
explain this dependence have been presented. In the psestion,the effects of

fabric anisotropy on the elastic stiffness moduli are digzisik can be reasonably

suggested that both inherent and induced fabric anisotropy affect these moduli. For
example, gravity deposited sand demonstrates a fabric with the contact normals
oriented more densely, in the statistical sense, along the vatitieation and more
sparsely along the horizontal. THijis means
hi gher t han t he h o r iEg ocewen auhder Ysatropicgsfress mo d u |
conditions because the small increment of macroscopic stré8ssddlistribued as

increment of intergranular stress at more contacts when the directiGaisfvértical.

Moreover, if sand is loaded to attain an anisotropic stress state by incrédslatit

be 0& / G&> 1, then the initial fabric is altered as new contamimals appear in the

vertical direction and existing contacts disappear in the horizontal (Oda 1972b).
Consequently, the stressluced anisotropy, which is related to the conditia Gd >

1, causes the ratiB,/ En to increase further. Some of tleeperimental techniques

used to measure the rafo/ Enare discussed next.

Jiang et al. (1997) and Hoque and Tatsu@d&98) tested various granular materials

in a specially designed triaxial apparatus, equipped with sophisticated instrumentation
for measuring local strains of very small values (< 0.001%), in order to measure the
horizontal and vertical elastic modulihig instrumentation includelihear variable
displacement transducerd.VDTs) located outside the triaxial cell, vertical and
horizontd gap sensoréGSs) located on the cap and the side surfaces of the specimen,
and vertical and horizontébcal displacerent transducerg¢LDTs) (Goto et al. 1991)
located on the four side surfaces of the prismatic specimen. The instrumentation and
prismatc specimen are shown in Fig. 2.68. Jiang et al. (1997) performed small
amplitude stress cycles (drained) on Chiba grawaterial, by means of applying
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cyclic stress increments either in the vertical directioddf i 0 & d) odin

the horizontal direction (d&i 0 @& €). Five stress cycles were performed at
various isotropic and anisotropic stress stafeswn as circles with a cross in the
centrein Fig. 2.69. At each stress statke gravelmaterial was agetbr around 30
minutes or more. One triaxial compression (TC) test was, also, performed at constant
G& = 29 kPa by increasingg until the failure state was reached. During the TC
loading process small amplitude stress cycles were peefbat various intermediate
stress states, without allowing ageing to occur.

The definitions of the elastic moduliaRdoi ssondés ratios in the st
(1997) and Hoque and Tatsuoka (1998) are based on the assumption ef cross
anisotropic mt er i al , wi t h a vertical axi s of rc

moduluseE, and Poi s s arédaquired lty ismatyclic stress increments
along the vertical direction as follows:

_ dd,

EV_(dQ b - ¢ (2.30a)
- fY

3 = 50y o ), (2.30b)

The lateral strain of an elastic cremsisotropic material subjected to simultaneous
changes dd and dig, is given by the following equation

o a1 8.,. 38 0O, .3 a&.
A=z g0 X get 2.31
Y e ¢ u % ¢ @ (2.31)

In the case of lateral stresyclesthe condition d = 0 holds so the following
equations are obtained:

E.=F, @ 3;) (2.32a)
Fh=a2 b3 (2.32b)
cdi -

wheresmni s t he Poi sexpresses ther eapansion alorig ame horizontal
direction when a normal stress increment causes contraction along the other
horizontal direction; notice that the independent contraifind d4, along the wo
horizontal directions is required to apply sitaneously the conditions oftid, 0

and di& = 0. However, the stress&§ andla, along the two horizontal directions can

be controlled independently in the true triaxial or hollow cylinder apparatus but not in
the triaxial apparatus used by Jiang kt(4997). On the other hand, the square
prismatic triaxial specimen used by Jiangaét (1997) (Fig. 2.68) has numerous
advantages that can be found only partly in the case of true triaxial or hollow cylinder
apparatus (Hight et al. 1983, Zdravkovic addrdine 1997). For example, the
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compliance and bedding errors, as well as the meralpanetratiorerrors,are fully
eliminated when local instrumentation is set up in the way shown in Fig. 2.68.
Lacking the capability of controlling independently the tharizontal stresses, the
terms3snn, 3nv andEn are calculated unavoidably based osuasptions (see Jiang et al.
1997 and Hoque and Tatsuoka 1998). Nevertheless, the tern@d en are
determined by linear regression of data from the five small ampls#indss cycles, as
shown in Fig. 2.70, whemy is given by the equations:

[}

d |

& = 'Et% e (2.33a)

g = m (2.33b)
(1' 3hh

Figure 2.70 shows that the material response is approximately élzesticwhen the
singleamplitude strain id$a< 0.001% (Jiang et al. 1997The measurement of
extremely small displacements dictates the necessity to eliminate the compliance and
bedding errors, as well as membrane penetration errors. Figure 2.71 shéds the

and (& - U response curves when the material is subjected to isotropic loading
unloading that induces strain of the order of magnitude 0.1%. The solid lines
represent the two response curves produced by the most accurate measurements
provided by the LDTs; stifferesponse is evidenced along the vertical direction due to
the inherent misotropy of fabric. The broken line representing tiée- U curveis
determined from the GS measurements, which suffer from bedding error that causes
overestimation of strain, whildhe dotted / broken line representing fige- U curve is
determined from the external LVDT measurements, which suffer frotim bedding

and compliance errors that cause significant overestimation of strain. The dotted line
representing th&a - (i curve is determined from the GS measurements, which suffer
from the penetration of membrane that supports the taped plate gdghsensor into

the voids of the coarse grain material. It is obvious that testing prismatic square
triaxial specimens with horizmwal LDTs (Fig. 2.68) mounted on the vertical
boundaries of the prism is an advantageous technique concerning the acctinacy in
determination of small strains.

Figure 2.72 showsE,tFhaadEvYamuahg®si sn@atds r at.
isotropic stres states (Jiang et al. 199The valuesnn= 0.24 is assumed in order to
determineEn as a function of the measuré&d (Eq. 2.32a). Thenormalisingfactor
proposed by Hardin and Richart (1963%) f€ (2.17- €)/ (1 +¢), is usedd make the

results from tests on specimens with different void ratios comparable. Two types of
results are shown: the first corresponds to (small amplitude) stress cycles performed at
isotropic stress states before any stress cycles are pedoamanisgbpic stress

states, while the second type corresponds to stress cycles performed at isotropic stress
states after similar stress cycles are performed at anisotropic stress states. It is
apparent that both moduli, andEn are stress dependehiving vales proportional

to (& %%2= 06, %2= p 852 (see also Eq. 2.5), whilay is independent of mean
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effective stress; both the stiffness modul
previous stress history applied at anisotropic stdtles.most imprtant result is that

the ratioEy/ En is around 2.2 indicating the significant effect of inherent anisotropy on

the smallstrain stiffness of gravel.

Figure 2.73 shows the plot &, / f(e) againstid, for the values of, acquired by
means of small aplitude stress cycles at isotropic and anisotropic stress states,
imposed after a short period of ageing (Jiang et al. 1997). The black line displays the
average trend in the variation Bf when the stress cycles are perfodna isotropic
stress statesyhile the various hollow symbols correspond to the results when the
stress cycles are performed at anisotropic stress states. Moreover, the vdtues of
acquired when the stress cycles are performed at anisotropic statgsTdiilmading,
without previousageing, are indicated by black solid squares. Similarly, the plt of

/ f(e) againstlid, is displayed at isotropic stress states, with the average trend shown
by a broken line, and at anisotropic stress states, with thksr@sdicated by hollow
symbds; ageing was not allowed in both cases. It is apparent that the mdgulus
measured after ageing at each stress state is proportiaigaPf8and independent of

06, while the modulugr is proportional taid, *°and ndependent afid. This means

that the ratioE,/ En increases in proportion taid / dé) %°°, as can be seen in Fig.
2.74, indicating the effect of stresgluced anisotropy.

Another important observation in Fig. 2.73 is that the valueEpfacquired at

anisotropic stress stategtfout any previous ageing is similar to the value acquired at

the same states after ageing when/ (i, < 2 (andia < 100 kPa; see also Fig. 2.69).

However, as the stress ratld, / (& increases while the gravel is sheared towards

failure, the valuef E, acquired without ageing at a givéa > 100 kPa is lower #m

the value acquired at the sam@ (but different(ia,) after ageing (see black solid

squares at states with higih i n Fi g. 2. 73). Jiang et al . (
behaviour is de to the damage induced to fabric by shear deformation and rgcove

from the damage by ageingo.

2.8 EFFECTS OF THE DIRECTIONAL CHARACTERISTICS OF
FABRIC ON THE DILATANCY OF SANDS

Although the direction of loading with respect to the normal to the hgdaane has

been acknowledged as a factor affecting the dilatancy @tig, diP/ diP, of cross
anisotropic sands (Oda 1972b, Tatsuoka 1976) it has been the consensus for many
years that the strest dilatancy relationship does not depend strongly on fabric
anisotropy (Taylor 1948, Rowe 1962, Schofield and Wroth 1968, Roscdgualachd

1968: for clays, Oda 1972b, Tatsuoka 1976, Nova and Wood 1979, Wood 1990,
Gutierrez et al. 1993Wood et al. 1994, Gutierrez and Ishihara 2000, Gutierrez and
Vardoulakis 2007). Few past studies have indicated tivatstressi dilatancy
relationshp indeed depends on fabric anisotropy (Tatsuoka et al. 1986b, Lam and
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Tatsuoka 1988), a fact that haseb well documented by recent stud{és and
Dafalias 2002, Dafalias and Manzari 2004, Dafalias et al. 2004, Wan et al. 2010, Li
and Dafalias 2012 detailed discussion on this subject is presented in Chapter 3.

2.9 STRAIN LOCALISATION EFFECTS ON THE GAJTION OF
FABRIC INHOMOGENEITY AND ANISOTROPY

The ideal loading test on a soil specimen involves a uniform deformation field
attained by means of udorm stressing of a homogeneous material. However, the
fabric of soils is not perfectly homogeneous Mhnevitable stress and strain Ron
uniformities develop during testing due to boundary conditions effects. Refinements
in the boundary conditions andhéevement of practically homogeneous fabric cannot,

in fact, prevent the development of roniform stain fields which means that the

loss of homogeneity may occur spontaneously in granular materials (Vardoulakis
1979, Vardoulakis 1983, Hettler and Varthdas 1984, Papamichos and Vardoulakis
1995); in this case, strains begin to concentrate at sublinmp@rfections causing
failure that spreads to other soil elements progressively while the existence of stronger
imperfections can only intensify this @ency. A characteristic example is that of a
triaxial compression test on a cylindrical soil specimsimgienlarged and lubricated

end platens (Bishop and Green 1965, Drescher and Vardoulakis 1982): although the
deformation is practically uniform at lowtrains the specimen barrels or bulges at
higher strains and zoneslotalisedshear strainghear band) may appear ultimately,

at very high strains.

As far as the deformation of the specimen remains diffuse-lguatised and
homogeneous the global bei@ur of the specimen under stable conditions can be
considered representative of the elemental (constitutive) behaviour of the soil material
since the different elements inside the soil mass deform in the same way; the global
behaviour is observed by mearmf the measurement of displacements, volume
changes, pressures and forces at the boundaries of the specimen. On the other hand,
after the occurrence of straiocalisationthe global behaviour becomes nominal
because the local behaviour inside the shxeendis different than that outside the
shear band and the measured mechanical gua
not represent either (Casagrande and Watson 1938, Roscoe 1970, Vardoulakis et al.
1978, Vardoulakis and Sulem 1995, Desrues et al6,18@rgiannou and Burland

2006, Fu and Dafalias 2011a and b). The shear bands, which are alsdathlied
surfacesor rupture surface®f shear surfacesf slip surfacesare formed in physical

and numerical experiments as well as in the field (see Bigy, 2.52 and 2.59)

though there have been reported cases in which soils fail in a seemingly diffuse mode
(Castro 1969, Lade et al. 1988, Chu et al. 1992, Desrues and Georgopoulos 2006,
Nicot and Darve 2011, Jiang et al. 2017, Wang et al. 2017).
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Figure 2.27 shows the sole shear plane which was formed in an assembly of uniform
rigid spheres subjected to triaxial compression (under vacuum confinement) by Rowe
(1962). On the other hand, Fig. 2.59 shows the progressive formation of nmalgl pa

and conjugate (i.e. approximately symmetrical about the verfiGahxis) shear
planes in the DEM simulation of biaxial compression of a granular material
performed by Fu and Dafalias (2011a). The zones of concentrated strain that
correspond to thehea planes are identified in this study as areas of increased patrticle
rotation because at the shear band boundaries the gradient of particle rotation is
particularly high (Oda et al. 198Rjuhlhausand Vardoulakisl987,0da and Kazama
1998, Oda et all998,Hall et al. 2010a). A similar phenomenon is observed at the
interface of soil layers with different stiffnesses penetrated by a pile when a seismic
event occurs, i.e. strain and stress is induced kinematically, due to the increased
curvature, at théayers 6 | n (Kavvadlaa and Gazetas 199B) other studies, the
zones of shear strailocalisationare recognised also as zones of intense dilation
(Desrues et al. 1996, Fu and Dafalfd 1b). Apparently, the shear bands in granular
materials can b&iewed as zones of intense evolution of the directional and non
directional characteristics of fabric.

Figure 2.75 illustrates the concept of failure and shear banding in soil materials.
According to Coul ombl)the soilafaildwioen e strassratie r i on  (
U/ & along the maximum stress obliquity plane reaches the peak valGigvitered

is the angle of shearing resistance. The maximum stress obliquity plane makes an
angle ofdc= 451+ (i/ 2 with the direction of the minor prin@pstressis. Coul ombds
theory states that the shear band is formed along the diragtiorhen the peak

failure state is reached. However, it is frequently suggested that the narrowasiebar b

is distinct in dense sands only, while in loose sands a diffistribution of parallel

and conjugate shear planes develops. The inclination of shear band has been
extensively investigated in the literature, for example, Fu and Dafalias (2011a)
showedthat the shear band does not necessarily coincide with the qgilamaximum

stress obliquity due to the effects of the inherent anisotropy on the shear strength of
granular materials, as discussed previously in Section 2.6.

Roscoe (1970) was among the first to state that the inclination of the shear band

should be elated to the plastic flow rule of the granular material (Vardoulakis et al.

1978) ; Roscoe (1970) assumed that St. Vena
principal directions of stress and plastic strain rate is valid at failure under simple
shearloading and proposed a solution for the shear band inclination afghejth

respect to the direction of thie-axis given by the following equation:

d,= 45 + 3 (2.34)

where the terns is the angle of di@ncy (at failure), which defines the direction of
plastic flow (see Section 2.4)he dilatancy angle is given by the following equation
(Hansen 1958) that corresponds to biaxial conditions (see also Eq. 2.29b):
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o

g+ (2.35)

Sing = ——
q- L

where (f'and &' are the rates of the principal plastic strailmsthe case of simple

shear loading the ratio of theate of the plastic normal strain along the vertical
direction over the rate of the plastic shear strain corresponding to the distortion of the
speci mends boundar iRos cio® BEyg264)lindidatesothat n
the rupture surfaces inrsd masses coincide wittercextension linesThis statement

was based on experimental evidence from simple shear tests performed at Cambridge
(Roscoe et al. 1967, Cole 1967); the application of radibgtaphniques in simple

shear tests (Coumoulos 196&yvealed horizontal dark bands of concentrated shear
strain and validated Roscoeds suggestion.
sand with embedded lead shots subjected to simple shear loading \areisteg.

2.76. It is noted, though, that the harial direction corresponds perforce to a zero
extension line in simple shear testing.

Vardoulakis et al. (1978) carried out a bifurcation analysis of the results from drained
biaxial compression tests1doth dense and loose sand. A specially desigreedabi
apparatus was used in order to impose boundary conditions that allow the occurrence
of the bifurcation modes shown in Fig. 2.77. The specimen is seated on a bottom plate
which, in turn, is placed oa roller bearing, while the cap plate is eithemngbad or

hinged at the loading piston, as shown in Fig. 2.78. The roller bearing allows the free
relative movement of the two parts of the specimen aftefatmeation of the shear

band while the measurem¢ of the dilatancy angle inside the shear band lman
achieved using a hodograph. Vardoulakis et al. (1978) reported that shear banding
occurred spontaneously (out of subliminal imperfections, under uniform strains) at
peak failure, for both dense and $sosand, and an almost plane failure surface was
foomed. Vardoul akis et al. (1978) showed t ha
angle of shear band with respect to theaxis (i.e.dc = 45J+ @i/ 2) constitutes an
upper bound corresponding to Aartating principal stress axes. On the other hand,
Roxx 0 e 6s s oldrrt4ble &/ 2( see [Eq. 2.34) constitutes a lower bound
corresponding to cootating principal axes of stress and strain rateng failure.
Vardoulakis et al. (1978) stated that both solutions can be correct theoretically and
expermentally, while intermediate inclination angles are also possible.

Vardoulakis (1980) studied the spontaneous occurrence of shear banding in the
biaxial (planestrain) compression test on dry sand and reported that due to fail of the
normality rule thelocalisation of strain always occurs in the hardening regime (i.e.
pre-peak). Desrues et al. (1985) used stereophotogrammetric methaad verified

this observation, while Oda et al. (1978) reported that no shear band was observed at
peak failure of deress Toyoura sandd; = 90%) in planestrain compression, though,
parallel shear bands were formed in the pestk regime. Tatsuoka et al. (1990) used

the laserspeckle techniquéramaguchi 1981) and observed that shear bands can be
formed in the prgoeak rgime when sand is subjected to plat&in compression,
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while the development of these bands become intense in thpgaistegime. Finno

et al. (B97)used the stereophotogrammetric method and observed that the stress state

at the onset of strailocalisation under planstrain compressiors very close, yet,
precedes the peak stMear doul aki s (1980) stated that nt
shar band inclination is a geometrical mean of the classical Coulomb and Roscoe
solutionso, wified experimeatslly ey |Aghoret wl.e(1977b). The

equation for the shear band inclination angle with respect tdstheis proposed by

Arthur et al. (1977b) and Vardoulakis (1980) is:

d,,= 45

N -

(G f2 (2.36)

where Gy and 3, is the angle of shearing resistance and dilatancy angieak,
respectively.

Finno et al. (1997) performed drained and undrained ggraen compression tests on

loose sand and monitored the evolution of strains both globally and localty thein
stereophotogrammetric method. They found that sheadibg occurs in loose sand at

an inclination angle between the Arthuwwar doul aki s6 and Coul omt
They also noticed that the local normal strain parallel to the shear band is dgsential

zer o, verifying Ro s coeds99® buggested ahati far n . Tat
inherently anisotropic sands the Arthiiv ar doul aki sé sol uti on cani
used in any mode of loading (simple shear, torsional shear -gtiaiie compression);

i n these cases Coul oMdrdodaki® Resetaedenandr &r t
while the bedding plane orientation with respect to the zero extension direction is an
important factor that influences the shear band inclination. On the other hanaj Fu a

Dafalias (2011a) suggested that the bedding plane ati@mtwith respect to the

kinematically viable shear planes is an important factor that determines the shear band
inclination.

Muhlhausand Vardoulakis (1987) incorporated the principles of Gossé 6 s Theor y
into the framework of Bifurcation Theory andade predictions about the shear band

i nclination and evolution of i t-golanNt hi cknes
continuum theory is an extension of the classical continuum theories thataathe

couple stresses, defined as torque per unit @amgather with the classical stresses,
defined as force per unit adclasseal belawicus er at 6 s
of materials, which have at least one important length scale derioed tine
microstructurewhen localised deformation occurgy fexample, in the case of shear

banding. Both the theoretical predictionduifihihausand Vardoulakis (1987) and the

hypothesis of Roscoe (1970) concerning the shear band thickness in granular
materials were verified experimentalljMihlhausand Vardoulals (1987) reported

that the shear band thickness is a small multiple of the mean grain dimession

16ds0). Roscoe (1970) had already suggestedlae of around 1o, while Oda and

Kazama (198) reported a value afdso to 8dso, and Finno et al. (199 measured a
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value rangingfrom 1Qdso to 25ds0. It is important to notice that the couple stresses
affect the development of the miefabric of shear bands (Oda 1993), and that the
importance of particle rotations inside the shear bands (Oda and Kag2a#au and
Dafalias 2011b) justifies the usd micro-polar models (Bardet and Prubet 1992,
Vardoulakis and Sulem 1995).

The study byMihlhausand Vardoulakis (1987) pointed out that the microstructure of
granular materials should be taken into consitien when shear banding is modelled.

The constutive equations, in this case, should include a physical property with the
dimension of length (e.g. the lengtky); otherwise, for continuum materials without
microstructure only the first gradient of dafmation is used to describe straining and,
hene, the thickness of shear band cannot be predicted because the formulation of the
problem does not include a physical property with the dimension of length. Han and
Vardoulakis (1991) introduced a second distilength scale which is derived from

the intinsic permeabilityk of sand that governs fluid flow inside the saturated pores;
this formulation eases the mathematical modelling of wsdrrated porous materials

with strainrate sensitivity. According tthe aforementioned studies, it is questioned
whether in the smalcale physical models a material with sceadedvn grain
dimension with respect to the prototype material (e.g. powder used instead of sand)
should be used or nd¥ltihlhausand Vardoulakis{987) suggested that the effect of
microstructwue can be described in numerical studies by a finite element method

i ncorporating Cosseratos principles (see
Aifantis 1989, Vardoulakis and Aifantis 1991).

The relationbetween the mean grain side and the incliation angle of shear band

has been reported in past experimental studies. Arthur and Dunstan (1982) performed
plane strain tests on sand with isotropic initial fabric, attained by deposition along the
direction of (p, and reported that the shear band iration angle increased from
Roscoedsk twal @eul o mbcdas thes particlee size decreased, or
equivalently as the specimen size in relation to the constituent particles increased.
Tatsuoka et al. (19 and Mokni (1992) reported a similar behavioOn the other

hand, Viggiani et al. (2001) performed drained plattain compression tests on
blends of a singlerigin sand having different gradations and sizes of mean grain, and
reported that these faxt cannot be related to the orientation ofshear band in a
simple and direct way.

What happens inside the shear bands is a fundamental question in Soil Mechanics and
Geotechnics, and the answers we seek are both qualitative and quantitative. As a

matter of fact, failure of geomaterials is frequgnnhanifested in docalisedmode of
straining. Desrues and Viggiani (2004) st a
has quite a practical relevance, as stability and deformation characteristics of earth
structures are often controlled by the soil behao ur wi t hin t he she
Moreover, many elastoplastic constitutive models use a unique reference state, the so

called Critical State, in order to simulate the behaviour of geomaterials under various
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stress and strain conditions. The critical state saihds is reached after intense
monotonic straining; consequently, it is possible that it can be reached only inside the
shear band, especially in the case of dense sands (Vardoulakis 1977). For these
reasonsit is essential to investigate the sand respanside the shear band.

Some qualitative hypotheses regarding the sand behaviour inside the shear band have

been reported throughout the years. Casagrande and Watson (1938) suggested that

after thelocalisaton of strain in a sand specimen, the expansisRime change

measured globally takes place in the shear band only, thus, the evolution of the void

ratio in that domain is expected to be very substantial. Roscoe (1970) presented the
superimposed radiograghmages shown in Fig.the2dark 6 and
band represents the rupture surface, i n wh
Vardoul akis (1977) stated that Af or an ov
cannot be reached follomg an overall homogeneous deformation. Thecalitstate

can only be reached inside the shear bands

Desrues et al. (1985) performed loading tests on dry dense sand using the true triaxial
apparatus and the biaxial apparatus; the main goal of they atasl to investigate
gualitatively and quantitevely the strainlocalisation patterns of dense sand. The
biaxial apparatus was specially designed so photographs could be taken during the
deformation of the specimen and the stereophotogrammetric methidcbecapplied.

The stereophotogrammetric methofirstly used in Grenoble by Beynet and
Trampczynkski (1977) who studied qualitatively the displacement fields in continuum
media, was developed further by Desrues and Duthilleul (1984) to obtain quantitative
results concerning the strain fields in samqecmens. Moreover, the cubic and
parallelepipedic specimens tested in the true triaxial apparatusstedriésedand
investigated postortem using the gamnray absorption method, apart from being
observedwvith the naked eye.

Desrues et al. (1985) perfned plane strain test8 k 0) in the true triaxial apparatus

with constantié and d > 0 (compression) orlgi< O (extension), as shown in Fig.

2.79. It is noted that the plane of biaxial shearing imadfby the verticali-axis and

the horizontallis-axis and that the vertical straity, is not necessarily the major

principal strain (the principal stresses astdains are unordered). Moreover, it is

important to note that six rigid boundary platensevesed to impose stragontrolled

loading andlocalisation of strain actually occurred, in contrast to the established

belief up to that day that shear bandiagrievented under these conditions (e.g. Lade

1982). Thdocalised deformatiopatterns in th stabilised dyed specimens are visible

to the naked eye in Fig. 2.80. It can be inferred that shear bands begin at the corner

points, which are strong singulaeis of nonsmooth topology, then propagate until

they reach a rigid boundary on which theye aeflected (Figs 2.79 and 2.80).

Moreover, Desrues et al. (1985) observed that the specimens which were loaded first

in compression and then in extension showedt s hear bands which |
successively in a quite iiqmsA®Wpendent wayo,
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The local sand density,, inside the shear bands of the parallelepipedic specimen
shown in Fig. 2.80 (Photo 1) was measured by Desrues et al. (198%thsigamma

ray absorption technique. The results shown in Fig. 2.81 indicate the density
distribution along theJ Hine thatcrosses the shear band before and after testing. It
can be seen that the density inside the shear bands decreased dramatieatlyewh
density outside the shear bands remained practically constant. Desrues et al. (1985)
reported that the volumetric stnainside the shear bands was as higlpagV = 5 -

7%, verifying previous conjectures that the shear bands are areas of strong dilation.
Mooney et al. (1998) tested sand in plane strain compression and used the technique
of stereophotogrammetry to verify that high incremental volumetric stragtur

inside the shear band, yet, the dilatancy ratio drops slightly just after its formation at
peak failure, because the local incremental shear strains are accordingly high.

On the other hand, Vardoulakis and Goldscheider (1981), Vardoulakis and Graf

(1985) Han and Drescher (1993) and Vardoulakis and Georgopoulos (2005) reported

that the dilatancy in the incipient shear band is at first negative (contractancy) and

then turns to positive, even in the case of dense sand. The results indicatingathe init
cortractancy inside the incipient shear band are shown in Fig. 2.82. The contractancy

of sand was attributed to the rooaxiality resulting from the rotation of the principal

direction of stress and incremental strain as the sistpd@r mechanism tek over

(Vardoulakis and Graf 1985, Vardoulakis and Georgopoulos 2005 and Gutierrez and
Vardoulakis 2007). An attenuating dynamic oscillation in the regime of positive

dilatancy (see Fig. 2.82) was also reported by Vardoulakis and Goldscheider (1981),
Vardoulakisand Graf (1985) and Vardoul akis and G
sequence of <collapsing and restructuring o
growth of the shear bando.

Desrues et al. (1985) performed axisymmetric compression watigl, = Uz < 0y in a
stresscontrolled mode or with3 = < U in a straincontrolled mode, and
axisymmetric extension tests, wilh= s> (1 in a stressontrolled mode or with}=

B> U in a straincontrolled mode, in the true triaxial apparatusstemwn in Fig. 2.83;

it is recalled that the principal stresses and strains are unordered. The schematic
patterns of thdocaliseddeformation are also displayed in Fig. 2.83. Desrues et al.
(1985) reported the occurrence of two different plain deformatienhanisms: the
simple mechanism occurring in stresmtrolled tests and the double mechanism
occurring in both stressand straircontrolled tests. In spite of the imposed
axisymmetric stress conditions the deformation kinematics switch suddenly to the
planestrain mode when the simple mechanism of shear banding is triggered. This
situation is illustrated in Fig. 2.84 where can be seen that the specimen stops
deforming along thés-axis while it keeps deforming along the directions of the other
two axes;concurrently, the globally measured strength and dilatancy rate decrease.

Desrueset al. (1985) observed that the plane deformation mechanism can occur
simultaneously along the two directions of equal stress or strain. Figure 2.83 shows
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schematicallythe double mechanism observed in axisymmetric compression and
extension tests, whileh®to 2 in Fig. 2.80 shows this specific straatalisation
pattern developed in a specimen subjected to axisymmetric compression. In Photo 2, a
cross is evidenced ondhupper face of the specimen and reflected shear bands can be
seen on each lateral sideesrues et al. (1985) stated that when the double mechanism
occur s, Aithe overall Ki nemat i clxalizatem r emai r
takes place inside therag | Basrues et al. (1996) and Desrues and Viggiani (2004)
showed that a similar axisimetric mechanism ofocalised deformation can be
formed in cylindrical sand specimens subjected to axisymmetric loading and, as a
consequence, thecalisation of strea may remain concealed to the naked eye. The
detection of strairocalisationbecomeseven more difficult in the case of loose sand

due to the small change in the void ratio inside the zones of kicailsationand the
relatively increased width of tee zones (Tatsuoka et al. 1986b, Desrues and Viggiani
2004).

Desrues et al. (1985) germed planestrain compression tests in a specially designed
biaxial apparatus and investigated the initiation and propagation of the shear band, as
well as the evolibn of the void ratio and shear distortiorn &l (d - d3) / 2) inside

the shear bandThe technique of stereophotogrammetry was used to analyse the
photographs takealongthe direction of thd3-axis (3 = 0), as can be seen in Fig.
2.85a. The tests we performed in a straicontrolled mode. Figure 2.85b shows the
typical axial loadi axial displacement curve and volumetric strain axial
displacement curve. The numbers on the former curve indicate the serial numbers of
the photographs. It can be se#mt the successive photographs 3, 4 provide
information about the response just befdlee peak state. The deformation
characteristics during the8stage are shown in Fig. 2.86; the contours of equal axial
displacement are displayed in Fig. 2.86a, tbetaurs of equal lateral displacement

are displayed in Fig. 2.86b, the contours of éghaar distortion are displayed in Fig.
2.86¢ and the contours of equal volume change are displayed in Fig. 2.86d. It is noted
that these contours offer quantitativéoirmation about the deformation field.

The results in Fig. 2.86 indicate that during 84 stage the deformation field is non
homogeneous, since the contours in Fig. 2.86a (Fig. 2.86b) are not parallel horizontal
(vertical) lines. The contours are digemt showing a dense configuration in the

middle of the specimen, along an inclined diren, which indicates a high
displacement gradient. The concentrated shear distortion in two parallel diagonal

zones in the middle of the specimen, shown in Fig. 2i86&ates that shear banding

occurred during the-8 stage just before the peak st@fardoulakis 1980). The fact

that the two parallel shear bands were initiated in the central part of the specimen and

not at the corners was explained by Desrues €fL885) as a result of progressive
accumulation of strains in this part in previous etagossibly due to a random
perturbation. Artificial perturbations were, also, induced in other experiments and
validated the conclusion drawn by Vardoulakis and Graf§12 ) t ha't it he | oc
the first localisation is very sensitive to the imperfection o f the testo. H
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Desrues et al. (1985) suggested that intense deformation heterogeneities are observed
at the corners of the cubic and parallelepipedic specitestasd in the true triaxial
apparatus even before the triggering of localisation.

The mechanism of shear band propagation during a biaxial compression test can be
monitored during the pogteak deformation increments®and 56 by analysing the

equal sher distortion contours, shown in Figs 2.87a and b, respectively. The two
parallel shearbands propagate independently in the same direction, without
converging, and the upper one bisects the specimen when it reaches the upper
boundary. Desrues et al. (198&lso captured the shear band reflection on the rigid
boundary (upper or lower platein) other tests. For example, Fig. 2.88 shows the
equal shear distortion contours in a different test just before and after the propagating
shear band reaches the rigiundary. It is noted that these results prove the
potentiality of shear band reflectiosince the propagation of the shear band is
monitored step by step. On the other hand, if the strain localisation patterns are
observed and analysed only at the firtakes (see Fig 2.80) then it cannot be stated
with certainty whether a single shear bavak reflected at the rigid boundary or two
different shear bands were initiated at the same point of the rigid boundary and
propagated along different directions.

The results from the gamrmay investigation of the specimen posbrtem (i.e. after

the temination of the test), shown in Fig. 2.81, revealed that significant dilation
occurred inside the shear band, while the volume outside the shear band changed only
slight y . The | oosening of the soil i nsi de
factod that may justify the podtilure strain softening, since the coordination
number decreases and the mutual support of the grains is weakened (Oda 1977).
Desrues et al. @5) also observed the local dilation in situ using the technique of
stereophotogrammmst The square symbols shown in Fig. 2.86d display the
guantitative information concerning the change of volume obtained by
stereophotogrammetric analysis; these symihalge size proportional to the local
volumetric strain increment during the43stage,just before the peak state. The
volumetric strain increment is higher than 0.03 inside the incipient shear band, while
outside is almost zero. However, Desrues et @8%1 observed that the local
dilatancy ratio &/ do attenuated inside the shear Baspon after its formation.
These findings support the notion that the critical void ratio is attained inside the shear
band while the void ratio of sand outside the shear band remains almost unaltered
(Casagranderal Watson 1938, Roscoe 1970, Vardouldldg7).

On the other hand, Mooney et al. (1998) reported that the local dilatancy rate
attenuates slowly inside the shear band yet the ultimate void ratio is not uniquely
related to mean effective stress. Drescher\dardoulakis (1982) pointed out that the
true material softening inside the shear band is very slow, while Goldscheider and
Vardoulakis (1980) measured the pfature softening characteristics inside the
shear band in the biaxial test. Moreover, Fu Badalias (2011b) performed DEM
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simulatiors of direct shear and biaxial compression tests to investigate the fabric
evolution inside the shear band and found that the material attains a unique ultimate
void ratio that depends only on the mean effectivessirerespective of the initial
fabric characteristics and boundary conditions. However, Fu and Dafalias (2011b)
reported that the ultimate state of the tested virtual material is reached only at shear
strains as high as 30@50%.

Desrues and his collgaes used Computed Tomography (CT) (Desri984, Colliat

Dangus et al. 1988, Desrues et al. 1991, Desrues et al. 1996) in order to monitor the
evolution of void ratio of sand specimens during triaxial testing. In computed
tomography an Xay scanner is esd t o a c gsectiona imdpgesr othe s
attenuation of an X ay beam t hrough a bodyo. I n soil
rotating and translating the-bay source and detector around and along the soil

speci mends axi s. T h ehicld praduces la sadiographit dersityp r o c e d
mapof slices of a body, are shown in Fig. 2.89. The radiographic density, expressed

in modified Hounsfield units (MHU), is linearly correlated to the mass density of a

material with homogeneous chemical compositionsrDes at al. (1996) calibrated

the radiogaphic density against the mass density of carefully prepared homogeneous

sand specimens having various densities. The calibration of the CT measurements on
Hostun sand is shown in Fig. 2.90.

A typical density prafe along a line that crosses the shear band and the density map

of a cross section of a dense specimen are shown in Fig. 2.91. Desrues et al. (1996)
observed that Athis profile appearte more a
the neighbouring sol mass (rather) than a sharp cut
Desrues at al. (1996) suggested that the observed density profile can be interpreted in
different ways: first, it is probable that the spatial resolution of the ctadpu
tomography apparas is responsible for obtaining such a profile, second, the true

density profile in shear bands may actually be a smooth curve and, third, it is also
probable that, so close to the grain scale, only an average measure over thanshear b

has a physical meag at the continuum level. Moreover, Oda et al. (1998) examined

the X-ray photographs of thin plates cut from resiabilised specimens and observed

that large voids appear periodically along the shear band. These observaticetg indi

that the shear Ib@ls are heterogeneous, a fact that was verified in the DEM
simulations performed by Fu and Dafalias (2011b). The inception of the idea that

shear bands are heterogeneous is rather attributed to Dr. G. Mandl who reported some
microscofic observations in a eminar back in 1974. In 1974, Vardoulakis
commented on Mandl 6s experiments and repol
three parall el |l ayers with different def o
1995). On the other hand, Rosc(1970) reported thdhe results from the simple

shear tests performed by Stroud (1970), who used a regular pattern of embedded lead

shots in order to determine the local strains by means of displacement gradient
calculations, indicate that the strainside the shear bandeauniform.
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Desrues et al. (1996) performed drained triaxial compression tests on dense and loose
cylindrical sand specimens and analysed the deformation using computed tomography.
The specimens were loaded, unloaded and placbke ik-ray apparatus iorder to be
scanned; afterwards, the specimens were reloaded and the procedure was repeated at
different strain levels. A fixed initial mean effective stress was imposed in all tests.
The boundary conditions involved lubricated amh-fubricated end plans, as well

as long and short specimens with initial height to diameter matid, equal to 1.9 and

1.0, respectively. Desruest al. (1996) tested both homogeneous specimens and
specimens with slight perturbations and found that strain localisatirodeszelop in

different complex patterns depending on the test conditions.

Figure 2.92 showthe trace of the shear band in Spemnfdt4 (dense specimen with

ho/ do= 196 / 101 mm / mm and ndubricated ends), at global axial strdi= 13%,
inaseat on perpendicular to the speci mends
platen initially, and in a second section containingshee ci mends axi s.
shows the evolution of stress ratio and global void ratio with global axial strain during
test ridt4. A single shear band appeared in the-peak regime at global axial strain

U= 7% and remained the sdtealisationzone hroughout shearing at higher strains;

the shear band was not perfectly planar. It is noted that these results verify that strain
softening precedes thecalisationof strain in triaxial compression loadiri@rescher

and Vardoulakis 1982, Lade and Prabut®95). The dilation of dense sand stopped
suddenly at}= 7% and the global void ratio curve reached a plateau, which as will be
shown next lacks physical relevance. It can be seen that the stressmatiexdubits

a narrow peak and a steeply descegdiranch.

A differentlocalisationpattern was observed in Specimen hfdtl (dense specimen with
ho/ do=100 /100 mm / mm and nduabricated ends) which was tested under extreme
end restraint due to thecla of lubrication and squat shape (see Bishop and Green
1965). Figure 2.94 shows two computed tomography images at different cross
sections of Specimerfdtl, the first (Fig. 2.94a) located near the upper platen (80 mm
from the bottom platen) and the seddifrig. 2.94b) located at middle height (50 mm
from the bottom platen) between the two platens; both images correspond to global
axial strain(i= 13%. Acomplexlocalisationpattern is revealed, consisting of a rigid
cone attached to the upper platen withtip pointing downwards (see also Deman
1975, Drescher and Vardoulakis 1982). The cone is delimited by a surface of large
dilation, shown as a darkircle of decreasing diameter when the cresstion is
located nearer to the bottom platen. The samdide the rigid cone also exhibits
severelocalisation patterns in the form of dilation surfaces with approximately
straight traces on the cressctionplanes.

On the other hand, the use of squat specimens and lubricated end platens (Vardoulakis
1979, Descher and Vardoulakis 1982, Hettler, and Vardoulakis 1984) postpones the
onset oflocalisation. For example, in test rfdt8 (on a dense specimenhyvitd, =

100 / 100 mm / mm, lubricated ends and an embedded soft perturbation) the density
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field was stil non-localisedat U= 19%. However, the computed tomography images

at U = 27% shown in Fig. 2.95, indicate the existence of complex localisation
paterns. Figure 2.96 shows the illustration of the void ratio field in a tomogram
across the axis of specimen rfdt8. In thmobgram can be seen that the shear bands do
not pass through the artificial I mperfect.i
(seethe dark disc in the middle of the image). Figure 2.97 shows the evolution of the
stress ratio and global void ratio wigobal axial strain during test rfdt8. It can be
seen that a significant decline in strength (strain softening) occurs before thefonse
localisation in the triaxial compression test, for example Uga19% However, the
studies by Deman (1975) and Drescher and Vardoulakis (1982) show that even in the
case of testing with lubricated end platens an amount of strain softeningbistedtr

to bulging at large strains, while the true material softedengelops very slowly (see

also Mooney et al. 1998). Consequently, the apparent strain softening just after the
peak state in triaxial compression loading is not necessarily associdtedtrain
localisation yet it may be affected to some degree by dihps of deformation
heterogeneities.

The comparison of the response of a dense squat specimen under loading with
lubricated end platens (Specimen rfdt8) with the response of a dendersspecimen

under loading with noiubricated end platens (Specimédt4) highlights the effects

of slenderness and end restraint on the global behaviour and strain localisation of sand
specimens. The peak in the stress ratxial strain curve fronthe test on Specimen

rfdt8 (Fig. 2.97) is flat and corresponds to @&aglobal axial strain, while the dilation

rate attenuates slowly after localisation. On the other hand, the peak in the stress ratio
T axial strain curve from the test on Specimen 4f¢Eig. 2.93) is narrow and
corresponds to a small global axial strawhile the dilation rate diminishes rapidly

after localisation. The residual stress ratio is practically the same for the two
specimens however the final global void ratio is not, ev@ugh the initial mean
effective stress is common. Moreover, therenasobvious correlation between the
stabilisation of void ratio and mobilisation of the peak stress ratio in both tests.

From the results presented by Desrues et al. (1996) and dbqueseusly it can be
inferred that the global measurements at lasg@ins may provide erroneous
information about the critical void ratio of sand, especially in the case of dense
specimens subjected to loading with Aohricated end platens. In theseaof loose
specimens, the ultimate global void ratio is more reptatea of the void ratio at
critical state, as will be shown next, since the localised zones are wider, less distinct
and the difference between the void ratio inside and outside theoh $ important.

For example, the computed tomography image of &patirflt2 (loose specimen
with ho/ do= 100 / 100 mm / mm and lubricated endsiiat 42%, shown in Fig. 2.98,
reveals only faintiocalisation patterns.An investigation of shear bamdj in loose
sand subjected to undrained plane strain compressioraisas,carried out by Finno

et al. (1997) and Mooney et al. (1997) using the technique of stereophotogrammetry.
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Desrues et al. (1996) compared the computed tomography images of Spetitdens
hfdtl, rfdt8 andrfdt8 shown in Figs 2.92, 2.94, 2.95 and 2.86rrespondingly, and
drawn some interesting conclusions. Specimen hfdtl (dense specimem, iMib=

100 / 100 mm / mm andon-lubricated endsexhibited a complex and axisymmetric
pattern of severe localisation (Fig. 2.94). This is because multiglalidation
mechanisms are favoured in lieu of a single localisation mechanism that breaks the
initial symmetry due to thextreme end restrain@n the other hand, Specimen rfdt4
(dense specimen wit,/ do= 196 / 101 mm / mmand nonrlubricated endsexhbited

a single | ocal i sati on mechani sm Dbecause
di stributi ono dreakiegdimpariectioa. Othggymmetribregking
factors are the bad centring of the specimen,-syonmetrically placed artificial
perturbaibns and nosparallel end platens. However, the symmetrically placed soft
perturbation inside Specimen rfdt8 did not break the symmetry and the Isneds

did not pass through it.

A spectacular localisation pattern, which was proved to be somewhatoyenasi

exhibited in Specimen rfdt8 (dense specimen gl d, = 100 / 100 mm / mm,

lubricated endsand an embedded sqfierturbation) Figure 2.9 shows a density

profile of this specimen reconstructed from a set of six computed tomography slice

images gee Fig. 2.95) placed next to each other. Two structures are apparent as traces

on the plane parall el t o t ape of ampirevertedive n 6 s a x
and the second with the shape of a parabola oriented towards the lower platen. The
geomdrical interpretation given by Desrues et al. (1996) is shown in Fig. 2.100. A

cone structure with its side surface being the region of intersiodilis centred on

the speci mends axi s, having Aits tip outsi
exacty t he specimenbés bottom sectiono. A set
associated in pairso al so exiresensbles aeach pa

triangular roof enclosing a gable of relatively intact sand material, at least up to the

point where the cone surface is reached. The top line of thislikeostructure is a

di ameter of the speci mends t oopimatly the i on. Tt
same with the angles between the two planes forming eactikedtructure. This

means thathe conjugate shear surfaces have the same dip angle with respect to the
horizontal top plane.

It is noted that the complex localisation patterithe cylindrical specimen, presented

in Figs 2.95, 2.99 and 2.100, can be seen as the generalisationdoiutiie plane

strain mechanism arrested by Desrues et al. (1985) when they tested cubic specimens

in the true triaxial apparatus (Fig. 2.80). Irethatter case, the two plane strain
mechanisms took place simultaneously in such a way that the overalinenésgy

was preserved; these two mechanisms were found to be particularly sensitive to the
geometry of the specimen and apparatus (e.g. they wérateid at the corner
singularities). On the other hand, in cyl |
corditions and initial density homogeneity there is no constraint that would favour a

particular mechanism. In this case, Desrues et al. (1996) seddhat the complete
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development of a given mechanism is a matter of global organisation of the
deformationover the specimen. However, imperfections such as bad centring of the
specimen, noiparallel end platens and asymmetrically embedded perturbatzms
induce one single and predominant localisation mechanism.

Desrues at al. (1996) measured both the glabdllocal void ratio inside the strain

localisation zones. Figure 2.101 presdhisevolution of these two void ratios with

global axial strain fothe various tests performed as=6 0 k P a. The #dAglo
measurement is averaged over theeogsct i on of the speci men, \
averaged over the straiocalisation zone. The results discussed next were obtained

from tests on dense andke specimens of Hostun RF sand.

Figure 2.101 indicates that the dense specimens with lubricated ends (Specimens rfdt3,
rfdt6, rfdt7 and rfdt8) exhibit a similar pattern of evolution of the global void ratio:
the sand is dilative up to an axial strainaodbund 20% whereupon dilationasrested

and a common void ratio plateau is reached. On the other hand, the dense and slender
specimen with notubricated ends (Specimen rfdt4) behaves differently showing an
initial rapid dilation that is exhausted quigkht around’ = 7%; when dilation is
arrested in test rfdt4 a plateau that differs from the one observed in the
aforementioned tests is reached. In all cases, the local void ratio curves diverge from
the global ones when localisation occurs; the slopthefformer arves is steeper
compared with the slope of the latter still one should consider that both sets of curves
are plotted against global axial strain. The most remarkable finding is that all dense
specimens attain a common ultimate void ratio teatonsiderbly higher than the
various ultimate global void ratios, proving than the latter lack physical relevance.
Furthermore, it can be seen that the local and global void ratio curves of loose
specimens (rfltl and rflt2) do not differ much, when Pethscernibé; both curves
converge towards the same ultimate plateau, which is identical to the plateau of the
local void ratio curves of dense specimens. This intriguing finding indicates that a
critical void ratio exists inside the shear band in thenddtests wh a common
effective confining stressi = 60 kPa; similar results were reported earlier by
Coumoulos (1968) and Stroud (1970) (see also Roscoe 1970 and Fu and Dafalias
2011b).

Oda and his colleagues (Oda 1993, Oda and Kazama 1998, Oda et al. 1998) studied
the evolution of the microstructucd shear bands and the way that strain localisation

is related to the induced anisotropy and dilatancy of dense sands. Oda et al. (1998)
suggested that the anisotropy induced in the sthairdening regime is an absolutely
necessary condition to generatee tshear band structure. If a wedveloped
anisotropy does not exist then a distinct shear band cannot be formed, as in the case of
very loose sand (see for example Fig. 2.98). It is well documented that the failure of
dense sand under drained planeistcampression is associated with localisation near

the peak state, followed by intense softening and strong, yet attenuating, dilation. Oda
and Kazama (1998) suggested that this behaviour is attributed to the buckling of
columnlike grain structures insed the shear band. These structures are gradually
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formed along the direction of the major principal stress during hardening (see also
Section2.5) as the fabric is reorganised to carry the compressive load more efficiently.
When these columns buckle, langgids are formed between them inside the growing
shear band, as shown in Fig. 2.103, resulting in ultimate local void ratio higher than
the maximum void ratioemax determined by standard procedures. Consequently, this
microstructure evolution model jusef the extensive dilation inside the shear band
and growth of the shear band thickness. Moreover, it justifies the strain softening
behaviow since the buckled columns lose the ability to carry load.

Experimental evidence of the existence of large voitlsdrn buckled grain columns
inside the shear band is shown in Fig. 2.102. Figures 2.102a and b show an assembly
of photoelastic rods at thpeak and residual state, respectively, in plane strain
compression (Oda et al. 1982). Moreover, Fig. 2.102c dispheysicroscope image

of a thin section obktabilisedToyoura sand showing a periodic appearance of large
voids (marked with the letterse) along the shear band (delimited by the linek).0

The geometrical interpretation of the microstructure evolutrmdel proposed by

Oda and Kazama (1998) is shown in Fig. 2.103 (see also Fig. 2.50). It can be inferred
that the particles comprising the diled column undergo an important amount of
rotation. In a previous study, Oda et al. (1982) found that partidlagohkther than
particle sliding is the major mechanism of micteformation in an assembly of rods,
while this mechanism is also importantthe case of natural sanddi(hlhaus and
Vardoulakis 1987, Vardoulakis and Sulem 1998)reover, Oda and Kazan(a998)
observed that the particle orientation changes abruptly at the shear band boundaries
and that particle rotation inside the shear baoclrs, on average, in parallel to the
corresponding macroscopic rotation in the continuum sense (Fig. 2.103b).
Corsequently, the particle rolling that is related to gi@tumn buckling seems to be
associated with the extensive dilation inside the shaad.

The X-ray computed tomography (CT) was developed further throughout the years to
improve the spatial resoloh. Oda et al. (2004) reported that the conventiorehy

CT does not provide spatial resolution high enough to generate an image irthvehich
individual grains and voids can be distinguished. On the other hand, the development
of microfocus Xray CT (or X-ray €CT) allows the generation of images in which
each grain can be clearly distinguished from the others, even if its size is ofé¢he ord
of magnitude of tens oficrometres. The basic principle of-rdy eCT is that a
decelerating charged particle producdsctomagnetic radiation (James Clerk
Maxwell 1865). Xray radiation is artificially generated when electrons that are firstly
acceleated under high voltage (of the order of hundreds of kV) collide against a
heavy metal (tungsten) target and reduce sp@dd. et al. (2004) reported that this
heavy metal target should be small enoughmitaimisethe scattering areas on the X

ray detecto (image intensifier); in a microfocus-bay apparatus the target is about 5
em in size. Figure 2.104 shows schematically the difference between conventional
and microfocus Xay CT. Oda et al. (2004) verified the findings reported by Oda and
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Kazama (1998hnd Oda et al. (1998) using theray ¢CT, as can be seen in the
images show in Fig. 2.105.

Microfocus Xray CT is used by many researchers around the world (Viggiani et al.
2004, Lenoir et al. 2007, Hall et al. 2010a, Hasan and Alshibli 2010 and 26d 2,

et al. 2012a) and is considered a powerful and promising tool for\astigation of

the microstructure of granular materials. When combined with mathematical
processes such as Digital Image Correlation (DIC) (Hall et al. 2010b), Volumetric
Digital Image Correlation (MDIC) (Lenoir et al. 2007, Hall et al. 2010a), Particle
Image Velocimetry (PIV) (White et al. 2003) andTiback (And et al. 2012a and b),

the sacalled fulHield measurements (Viggiani and Hall 2008) are obtained and the
kinematics 6 individual grains are observed. This means that displacements and
rotations in three dimensions are monitored continuously for eachduadl grain in

a specimen, either being inside or outside the shear band. Consequently, the evolution
of fabric of naural granular materials is observed in situ and valuable microscopic
information is obtainedAnd et al 2013, Wiebicke et al. 2017).

2.10 SOPHISTICATED TESTING APPARATUSES FOR
INVESTIGATING THE INFLUENCE OF FABRIC ANISOTROPY ON
THE MECHANICAILBEHAVIOUR OF SANDS

As has been discussed in the previous sections, fabric anisotropy has a strong effect
on the mechanical behaviour of sands. ldeer, conventional testing apparatuses do

not possess the qualities needed for investigating the fabric rapigaffects. For
example, in the triaxial apparatus (Fig. 2.6), two of the three controlled normal
stresses are obligingly equal to each othez. (ikk 0y, where the xyplane is the
horizontal plane and the-axis is the vertical axis of the specimeh).the triaxial
compression (TC) test, the vertical stre&$ {s increased under constant horizontal
stresses, thusl,= 0y andlx= 0, = Oy = Us; note thatls & Uz are the ordered
principal stresses. In the triaxial extension (TE) test, the wakrStress ) is
decreased (unloading) under constant horizontal stressestithus,andlx= 0 = U

= . The specimens tested in the ti@xapparatus have typically a cremsisotropic

fabric with horizontal bedding planes. This means thafitkaxis is either normal (in

TC) or parallel (TE) to the bedding planes, while thexis is always parallel tthe
bedding planes. Moreover, theange in the direction of th@-axis from normal to
parallel to the bedding planes is necessarily associated with a change in the value of
the intermediate principal stress parameter, ({7 Us) / (1 T Us) (Bishop 186; see

also Habib 1953), from 0 th. These constraints, which are also imposed in the
plane strain (biaxial) apparatus, pose limitations to the investigation of sand
anisotropy.

There is always the choice of preparing specimens with inclined bed@ingspin
order to be tested in theiaxial or plane strain apparatus (see Section 2.5 and Fig.
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2.42). Nevertheless, if the principal axes of stress do not coincide with the principal
axes of fabric, parasitic strains and / or stresses may develop fettimens (see Fig.
2.34). Moreover,even if this problem is overcome, for example by using the
stereophotogrammetry or lasgweckle technique to measure the -moiform
deformation field, there is a serious limitation of the conventional apparatuses that
cannot be overcome: the principategtions of stress remain fixed or change with a
90Jjump during homogeneous testing. Consequently, a continuous rotation of the
principal axes of stress, which occurs frequently in situ, cannot be applied during
homogerous testing. The soil behaviourden principal stress rotation has been
investigated using other apparatuses, as will be presented in the next chapters of this
study (Broms and Casbarian 1965, Roscoe et al. 1967, Ishihara and Li 1972, Arthur et
al. 1977aTatsuoka et al. 1982, Ishiharadafowhata 1983, Hight et al. 1983, Symes

et al. 1984, Miura et al. 1986, Tatsuoka et al. 1986a, Nakata et al. 1998, Georgiannou
et al. 2018).

The true triaxial apparatus, shown in Fig. 2.106, is appropriate for testcat or
parallelepipedic soil spgmens under the independent control of the three principal
stresses. The value of the intermediate principal stress parabetan be changed
continuously from 0, corresponding to triaxial compression Witk 0 = U, to 1,
corresponding to triaxiagxtension withl: = 0> > Us; accordingly, the Lode angié

(Lode 1926) can be fully controlled in the true triaxial apparatus, as shown in Fig.
2.107. Figure 2.107 shows the octahedral plane which is perpendicuiardmgonal

of the principal stress ape; every stress state(ld , > , Us) in the principal stress
space can be depicted on a octahedral plane. The distance of the octahedral plane
from the origin of the principal stress space is related to the mesntivd stress, the
distance of the stss point from the origin of the octahedral plane is related to the
deviatoric stress and the angular coordinate of the stress point is related to the Lode
angle. In the case that a soil specimen with eapssotropt fabric is tested and the
material aes coincide with the principal axes of stress (i.e. the bedding planes are
either horizontal or vertical) each of the three principal stresses can act either normal
or parallel to the bedding planes, allowing the itigegion of aspects related to fabric
ani sotropy together with the effects of

Yamada and Ishihara (1979) performed monotonic true triaxial tests on saturated
crossanisotropic sand. Drained loading was imposed udlegible membrane
boundaries under cetant mean effective stress. Most of the specimens had
horizontal bedding planes, while some specimens were rotated bgb80t the
horizontal xaxis after the sand had been deposited along the vertedb.zThe
principal axes of stress and the beddit@nes of a regular (nenotated) specimen are
shown in Fig. 2.108; the stress condition at point P and the performed radial stress
paths on the octahedral plane (corresponding to constant Lode aihgénd
intermedate principal stress parameteyarealso shown in Fig. 2.108.

Figures 2.109a and b show the plot of pnmcipal strains against the stress ratio
the compression Zst (with{,= (1 andlx= Uz = 0y= (,andb = 0 andd = QJ) andin
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the compression Y@est (withdy= 0 and = 0= 0,= (b andb = 0 andd = 12QJ),
respectively; both tests were performed on regular specimens (with horizontal
bedding planes). The results from the-#Gt indicate that the horizontal straids
and{ are essentially equal due to the isotropy of fabrighe horizontal planes and
symmetric stress conditions about thewds (i.e.lx = (). On the other hand, the
strains andJ are not equal in the Y&st, despite the fact thét= O, due to fabric
anisotropy. It can be also seen that the exparstiain( in the YGtest is arger than

the respective expansive stralh in the ZGtest. This means that the specimen
expands more easily along the direction of deposition than along the direction
perpendicular to the direction of deposition. Converséle compressive strald in

the ZGtest is lower than the respective compressive sthiin the YGtest,
indicating that the specimen contracts less easily along the direction of deposition
than along the direction perpendicular to the directionepbdition.

The hollowcylinder torsional shear appara{ifCA) is the most sophisticated device

for investigating the effects of anisotropy and principal stress rotation on the
mechanical behaviour of soils. A hollow specimen is subjected to differessyres
inside and outsie, while a vertical normal load and a torque load are applied on the
speci mends horizont al boundari es. I n the
stresses and the direction of the major principal stress with respect tertioaly
measured by anglU or Us 2 can be controlled independently. It is noticed that the
angleU can be changed continuously frodito 9QJ, a capability that is not provided

by the conventional triaxial, true triaxial or simple shear apparatus. ditengous
rotation of thestress principal axes can be imposed under changing or constant
principal stresses and under the control ofifgarameter. Moreover, in contrast to
the simple shear apparatus, the application of the shear &kessults in he
automatic developmendf the complementary shear stre€k, while there is no
restriction on the zerextension direction@light et al. 1983). Figure 2.110 shows the
HCA, the boundary pressures and loads, and the internal stresses in a soil element.

Yoshimine et al. (1998performed an extensive series of monotonic undrained
torsional shear tests on saturated sand under different combinatidasab. Figure

2.111 shows some indicative results from tests at diffédanid commorb = 0.5 and

from tests at differenb and commonU = 45]. It can be seen that the behaviour of
sand becomes more contractive and less stiff Whiecreases under fixeld or when

b increases under fixdd These results indicate the influence of fabric anisotropy and
stres system on the mechanical behaviour of sand, which should be taken into
consideration in the geotechnical design and analysis. The tests in the present study
are performed in a hollow tgder apparatus in order to investigate the behaviour of
sand undeloading with both fixed andbtating stress principal axes.
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2.11 SUMMARY

Sands are granular materials that are deposited in the field mainly under the action of
gravity and as such thewabit frictional mechanical characteristics, as well as the
property of dilatancy. This is because the sand masses equilibrate by means of the
normal and shear stresses acting at the intergranular contacts, thus, the mechanical
behaviour of sands is patilarly sensitive to density and effective confinement,
while the diection of deformation does not necessarily coincide with the direction of
shearing due to micromechanical constraints. Moreover, sands exhibit anisotropic
mechanical characteristics besauthe grain arrangements formed under gravity
deposition exhibit dierent geometrical properties along the different directions. For
example, the contact normals are densely oriented along the vertical direction of
deposition, while the long axes of nepherical grains are preferentially aligned with

the horizontal beddg planes. The statistical distribution of the orientations of the
contact normals and long axes of grains (or voids) can be described mathematically
by means of a secoratder tensor, dked the fabric tensor, which provides a measure

of fabric anisotropy The fabric anisotropy attributed to gravity deposition is called
the inherent anisotropy and affects the strength, stiffness and dilatancy of sands.

Under the application of external loads the internal fabri@@sganisedn order to
sustain these lals more efficiently. The mechanism of fabréorganisations called

the (stresg induced anisotropy. For example, as the granular material is fject
deviatoric loading the increase in the stress i (G causes new grain contacts to
form along the direction of thé-axis and existing grain contacts to vanish along the
direction of thelig-axis, which means that the fabric anisotropyristty increases in
response to the increase in stressordti the case that the principal directions of
stress rotate during shearing the principal directions of fabric follow suit, which
means that the fabric anisotropy evolves not only in terms ofdityebut also in
terms of orientation; the principal datoons of fabric also rotate in order to align with
the fixed principal directions of stress when the initial fabric axes are inclined with
respect to the stress axes. However, the grains origrgaolve more slowly than
the contact normals or voidsi@ntation during shearing, yet, inside the zones of strain
localisation considerable-aignment of grainsiccrues from the intensemoulding

The plastic incremental shear strain of sandsesegplly coupled to the plastic
incremental volumetric sin and this fundamental property shared by all granular
materials is called dilatancy. Many researchers proposed, in the past, theories and
models that rely upon micromechanics in order to expiaén dilatancy of sands.
According to these theories, thdatincy ratio, defined as the plastic incremental
volumetric strain over the plastic incremental shear strain, is correlated with the
current value of the deviatoric stress ratio and the interggafriction characteristics

of the material; the mathenizdl description of this dependence is called the siress
dilatancy relationship. However, recent micromechanical studies have shown that
both the dilatancy ratio and the strésdilatancy relatioship depend, additionally, on

the material state, detem@d as the current combination of void ratio and mean
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effective stress with reference to an ultimate material state (critical state), as well as
on the state of fabric anisotropy.

The critical sta¢ of granular materials is frequently attained insideztivees of strain
localisationand the intenseemouldingof fabric inside these zones is associated with
considerable changes in the adinectional and directional characteristics of fabric.
The nex chapter presents the classical Critical State TheoriRdscoe et al. (1958)

and Schofield and Wroth (1968) and the the Anisotropic Critical State Theory,
proposed recently by Li and Dafalias (2012) as a revision that takes into account the
fabric effecs at critical state.
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Fig. 2.1Interaction between two grains via normal and shear force at the interparticle contact (after Towhe

2008)

N : contact force
S : frictional
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Fig. 2.2The directshear apparatus (after Towhata 2008)

Shear stress (kPa)

Direct shear tests on Toyoura sand
Drained condition; Dr=55%

Direct shear tests on Toyoura sand
Drained condition

0 1

RO

T T T I I I 125
AP s = D, - ‘ | | .
N Effective confining stress = l()}) kPa £ 100 LN Dr55% 100 kPa
\ . | "‘, ' ~— ‘
75 kPa g 75 ‘ T i
™y 5|" kPa | “;‘ 50 r=55% 50 kPa Dlr_ UD"I 100 k'P'J
= — & .—d.—d‘--h-tv'
— 5 q = |
) 23 kPay é 25 Dr= 0% 50 kPa
[ ], = 0 N .
2 ... .4 5 6 7 8 0 1 2.3 4. . 5 6. T° B
Shear displacement (mm)

Shear displacement (mm)

Fig. 2.3 Shear stress displacement curves of @ subjected to direchear loadig. a Influence of
confining streson drained stress strain behaviour of sandh Influence of relative density of sarwh
drained stressstrain behaviour of san@fter Towhata 2008)
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Fig. 2.4 The concept of criticavoid ratio of dense and loose sand loaded under drained conditions at the
same confining stress (Casagrande 1986)ress strain curvesb Stress void ratio curves

(a) (b)

Fig. 2.5Critical void ratio (CVR) line in the i (& plane (Casagrande 193@)CVR line in linear scaleb
CVR line in semilogarithmic scale (after Kramer 1996)
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Fig. 2.6 The triaxial apparatus for axisymmetric loading of cylinders (after Bishop and Bj&ég6@&)
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mean effective stressesStress strain curvesb Effective stress paths (after Verdugo and Ishihara 1996)
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Fig. 2.10The steady state line in tike p @lane obtained from undrained triaxial compression tests on sand
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Fig. 2.11 The steady state strength envelope in ghe 2 - p ¢lane obtained from undrained triaxial
compressionests on sand specimens under different initial states (after Verdugo and Ishihara 1996)
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Fig. 2.13 Monotonic drained triaxial ampression tests on very loose, loose and medium loose sand,
consolidated to stregs&= 0.5 MPa.a Stress- strain curves.b Deviatoric stress void ratio curves (after
Verdugo and Ishihara 1996)
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Fig. 16 Definition of stiffness moduli of a soil material subjectedrionotonic triaxial compression (after

Shibuya et al. 1992)
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Fig. 2.17 Elastic and inelastic deformation characteristics of two granular geomateriaéctedbjo

compressiona Sand subjected to drained plane strain compresbi@ravel subjected to draed triaxial
compression (after Shibuya et al. 1992)

Fig. 2.18Local displacement transducers (LDTs) placed directly on a sand specimen with thefshape
rectangular prism prepared for triaxial testing (after Towhata 2008)
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Fig. 2.19 Left Degradabn curves of elastoplastic shear modulus with strain amplitude for sands subjecte
to cyclic loading at various stress amplitudes (after Towhata 200B@ngsho 1987)Right: Definition of
elastoplastic shear modulGsafter stabilisationof the hysteresis loop (after Iwasaki et al. 1978)
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Fig. 2.20The contact surface of two equal cylindrical lenses with their axes inclined atdalised by the
interference fringesa Unloaded contacb Loaded contact (after Johnson 2003)
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Fig. 2.21 Idealisation of th&kinematics and statics of the shear zone (shear band) of sand that dilates und
shear distortion in plarstrain mode (after Vardoulakis and Gempgulos 2005)
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Fig. 2.22Stress, deformation and energy dissipation in direct shear mode of loadag grfanular material
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Fig. 2.23 Comparison of stress dilatancy plots from loading tests with both fixed and rotating stress
principal axes; principal stress rotation is performed while keeping the effesttigss principal values
constant.a Stress- dilatancy relationship without correction for rooaxiality. b Stress- dilatancy

relationship with correction for necoaxiality (after Gutierrez and Ishihara 2000)
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Fig. 2.24 Stress- dilatancy plots prioto and after the sheldand bifurcation for dilatant sand subjected to
triaxial compression aap & 40 kPa andb p & 120 kPgafter Gutierrez and Vardoulakis 2007)

-

Fig. 2.25 The basicassumptions of the deformation model for sands proposed byaNeévend Allely
(1957). a Geometrical packing of spherical particles representing grair&liding of adjacent particles
along the direction of the tangent at contact poiatdlon-coincidenceof the directions of the plane of

sliding and the plane of sheag. d Equivalent mechanism of sliding between two blocks along the serrated
contact surfacéafter Newland and Allely 1957)
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Fig. 2.26 Two different regular packings ainiform cylindrical rods, in dense and loose state, subjected to
loading inorder to study the stressdilatancy relationshipa Dense (left) and loose (right) packing B.
Loose (left) and dense (right) packing&ter Li and Dafalias 2000)
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Fig. 2.27Assembly of uniform rigid spheres subjected to compressaibefore the famation of shear zone,
b after the formation of shear zo(efter Rowe 1962)
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Fig. 2.28Influence of the kinematic constraints at rod contacts on the stddsdancy relationsip. Note
that Equation 7 that produces the dotted curve shown in this faguresponds to Equation 2.17 of the
present studyafter Li and Dafalias 2000)
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Fig. 2.29 Undrained response of sand under triaxial compression at initial statesponding toa the
same effective confining stress but different void ratioshe sare void ratio but different effective
confining stresse@fter Li and Dafalias 2000; data from Verdugo and Ishihara 1996)
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Fig. 2.30 The dependence of the strasdio at phase transformation on the state of sand (after Li and
Dafalias 2000; data from Ve@ugo and Ishihara 1996)
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Fig. 2.31States of zero dilatancy of sand subjected to undrained logafteg Negussey et al. 1988)
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Fig. 2.32The state parametgr=ei e(p Joof sand being denser than critical (1) and looser than critical (2)
(after Liand Dafalias 2000)

Fig. 2.33Cylindrical test specimen of stratified soft rock formed with the cylinder axis at an cmgth

respect to the normal to the seréafter Allirot et al. 1977)
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(@)

Fig. 2.34aDeformed cylindrical specimens of stratified sadtk, with a variety of angled between the
cylinder axis and the normal to the strata, subjected to manyphigisure isotropic loadingunloading
cycles.b The specimen withd = QJ before and after deformation.The specimen witll = 90J before and
after deformatior{after Allirot et al. 1977)
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Fig. 2.35Definition of particle and contact normal orientati@The orientation of the long axis of grairas.
The orientation of the normal vector to the tangent plane at the contact point between nwdafperi Oda

1972a)
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Fig. 2.36Determination of the contact normal direction by means of the direction dhgteth (after Oda
1972a)

Fig. 2.37 Preparation of thin sections along vertical, horizontal and inclined planes by cutting-a resin
stabilisedcylindrical specimen of sand (after Oda 1972a)
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EFGH: Completed Tan-
_-gent Rectangle
FG : Apparent Long
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Referance Axis X

Fig. 2.38 Determination of the direction of the apparent lomg @f a grain on a thin section (after Oda
1972a)
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Fig. 2.39Frequency histograms of the orientation arthtd the apparent long axis of gna in various thin
sections cut from atabilisedsand specimenl Vertical section.2 Section inclined at 4babove the
horizontal plane3 Horizontal section (after Oda 1972a)
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Fig. 2.40 Probability density of contact normals as a function of the tiine@ngleb. The dashed line
represents the uniform distribution of contact normals corresponding to iso@bpi (fafter Oda 1972a)
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Fig. 2.41 1A cubic volume of sand A consisted of elongated gr&nms.cubic volume of sand D consisted
of round grans (after Oda 1972a)
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Fig. 2.42 Experimental techniques used to form specimens with inclined begtings.a The bedding
plane direction with respect to the vertical plam&hetilted container used to form specimens with inclined
bedding planes for plane strain compression testBhe titled container used to form specimens with
inclined bedding plaes for triaxial compression tests (after Oda et al. 1978)
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Fig. 2.43Influence of fabric anisotropy on the strength, stiffness and dilatancy characteristics of Toyour
sand.a Stress strain and volumetric behaviour of sand specimens with inclinedimgglanes subjected to
plane strain compressidnStress strain and volumeic behaviour of sand specimens with inclined bedding
planes subjected to triaxial compression. Notelstnds for volumetric straito (after Oda et al. 1978)

106



Chapter 2 Fabric of sands

!
i Y
v 2
i8S, N
b) - section
N
]
~
=
(J)
_E
o
QL
Q.
)
wi B
ol
k -
~
L
.E :
o
L]
Q.
)

Fig. 2.44 Determination of the fabric inde®./ S of sand.a Projected grairtontact areas Two pairs of

thin sections cut from two specimens that were compressed until different values of stress ratio and str
werereached (after Oda 1972b)
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Fig. 2.45Stress dilatancy plots for two quartz sands subjected to drained triaxial compres§iosfailure

states of sand B Prefailure states of sand @.Failure states of sands B and D (after Oda 1972b)
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X
herizantal l
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{a) during packing (b)during testing

Fig. 2.46 Definition of the bedding plane anglewith respect to the referenca &nd X axes (after Oda et

al. 1985)

Fig. 2.47Photoelastic pictures of an assembly of eslsdped rods subjected to biaxial compressdnitial
state.b Prefailure state.c Failure stated Postfailure state. Notehat the major principal stress is

oriented along the vertical>irection (after Oda et al. 1985)
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