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Failures of geomaterials, including soils, rocks and concretes, are generally associ-
ated with a localized deformation. For abour 40 years, strain localizarion phenomena
have been investigated experimentaly in different marerials. Most of these studies have
been motivated by the theoretical badkground of shear band analysis using bifurca-
tion theory. Strain field measurements have been developed to characterize strain
localization, especially for sand specimens. Full field methods, imaging tools and
experimental loading apparatus have evolved considerably over past 15 years. This
chapter looks at on the contributions of recent devel on the characterization
of the sirain localization process. The emergence of sirain localization involves the
progressive evolurion from diffuse to localized deformarion. The text introduces the
methods used and then shows some selected experimental results obiained from some
sands and porous rocks.

1 Introduction

Localized deformation is a ubiguitous phenomenon in geomaterials (soils, rocks, con-
crete). It occurs over a vast range of size scales, from the microscale level of grains to
faults extending over hundreds of kilometers. It occurs in a variety of forms, as a con-
centration or coalescence of cracks; a distinet, planar frictional surface: a gouge zone
of finely comminuted material: or simply a region of higher shear strain or relative
grain movements. In geomaterials, the severe shearing in regions of localized de-
formation may be accompanied by dilatancy (inelastic volume increase) and/or com-
paction (inelastic volume decrease) as well as by chemical alteration. If the material
is fluid-saturated, as is frequently the case, inelastic volume changes can induce the
flow of fluid or changes in pore pressure which will affect the response. Localization
occurs under a variety of conditions that depend on the material and the loading pro-
cess (e.g., mean stress and loading rate). Although most frequently associated with
the formation of faults under nominally brittle conditions or shear bands —semi-brittle
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|Introduction

What is strain localisation ?

i Strain localization is an important phenomenon g@omaterials
that appears almost always when a structure is close to rupture.

Strainlocalisationduringa planestrain Strainlocalisationduringa planestrain
compression In alay specimen compression in aandstonespecimen
(Viggianiet al, 2001) (Bésuelleet al, 2011)
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Courtesy of Bésuelle
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Courtesy of Desrues

Shear localisation aroundgallerie
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i Some impacts of strain localisation

u  mechanical

i strain softening

i damage (elastic properties)

i mean stress dependency

resulting force [kN]

i dilatancycompaction

i global dispersion of the behaviour

0 0.02 004 Q.06 0.08 0.1
axial shortening [m]

i hydro mechanical coupling
Evidence of pogieakdispersion
i transfer properties (Besuellest al, 2006a)

i permeability change: high permeability channels or
impermeable barriers

i pore geometry change, capillary forces, etc.
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i Some impacts of strain localisation

4 mechanical

i strain softening ™ T
naml?ge;;z?‘:s

i damage (elastic properties) z ——2eivobance

i mean stress dependency ‘g

i dilatancycompaction T ]

i global dispersion of the behaviour , |

u  hydro mechanical coupling e e

Evidence of pogieakdispersion

u transfer properties (Besuelleet al, 20062)

i permeability change: high permeability channels or
impermeable barriers

i pore geometry change, capillary forces, etc.
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i Some impacts of strain localisation

4 mechanical

i

strain softening

damage (elastic properties)

mean stress dependency
dilatancycompaction

global dispersion of the behaviour

hydro mechanical coupling

i transfer properties

i

i

permeability change: high permeability channels or

impermeable barriers

pore geometry change, capillary forces, etc.

resulting force [N]

6x10°

5x10°

4x10° -

3x10°% -

2x10° 1

@ ®

—&—— homogeneous
localized

1x10°

0.0005 0.001 0.0015 0

relafive specimen shortening

Evidence of pogieakdispersion
(Bésuelleet al, 2006b)
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i Some impacts of strain localisation

u  mechanical

i

strain softening

damage (elastic properties)

mean stress dependency
dilatancycompaction

global dispersion of the behaviour

hydro mechanical coupling Evidence ofiuid flow channels

i transfer properties

ii

i

permeability change: high permeability channels or
impermeable barriers

pore geometry change, capillary forces, etc.
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2 dy = 660 pum : thickness of the shear band
as measured with the magnifying glass

i Some impacts of strain localisation

i mechanical
i strain softening
i damage (elastic properties)
i mean stress dependency

i dilatancycompaction

i global dispersion of the behaviour bickmesofthe  cTacked zne

2dc=300 um:
crushed zone
i hydro mechan|ca| Coup“ng Evidence of grain comminution

(ElBiedet al, 2002)
i transfer properties

i permeability change: high permeability channels or
impermeable barriers

i pore geometry change, capillary forces, etc.
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i postmortemobservations

i strain localisation pattern, etc.
u microstructural observations

i detection of strain localisation by multiple internal measurements

u full field measurements (field quantification + time evolution)

i non-destructive image tools (tomography)
i measurement of the kinematic fields (2D + t) or (3D +t)
i location of acoustic events

0,08 -

0,04 |
Detection of the loss of
homogeneous deformation with
several internatlisplacement
transducers
(Bésuelleand Desrues2001)

-0,04

-0,08 —
0E+00  4FE-03 8,E-03 1,E-02

Axial average strain

Difference of axial strain and axial strain at stress peak
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i postmortemobservations
i strain localisation pattern, etc.
i microstructural observations

i detection of strain localisation by multiple internal measurements

u full field measurements (field quantification + time evolution)

i non-destructive image tools (tomography)
i measurement of the kinematic fields (2D +t) or (3D +1)
i location of acoustic events

P3¢ P4

Evidence of pore pressure gradie
induced by strain localisation,
observed by several internatessur
probes Viggianiet al, 1994)
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i postmortemobservations
i strain localisation pattern, etc.
i microstructural observations

i detection of strain localisation by multiple internal measurements

u full field measurements (field quantification + time evolution)

i non-destructive image tools (tomography)
i measurement of the kinematic fields (2D +t) or (3D +1)
i location of acoustic events

Low resolutionXray CT of sand
specimens: dilatartbands without grain
scale detail (e.gDesruet al. [1996];
Alshibliet al. [2000Q)

3D picture of a sand specimen
by high resolutionX-ray CT
(3SR Lab)
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i Industrlallresearch scanner (conlcal bea

i Synchrotronbeamline+tomography

loading system 2 b
ESRF, Grenoble (Fran

detector

X-ray source

positioning system

Vosgesandstonggrainssize~300um)
voerW|dth 90 um
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i postmortemobservations
i strain localisation pattern, etc.
i microstructural observations

i detection of strain localisation by multiple internal measurements

u full field measurements (field quantification + time evolution)

i non-destructive image tools (tomography)
i measurement of the kinematic fields (2D + time) or (3D + time)
i location of acoustic events

2D 3D (volume)
[ A A \
continuousDIC discreteDIC continuousDIC discreteDIC

N
o
°

12 : BXR.GVR.06.8655-8675
E———— 0.01

0.008

0.006

0.004

uoljejol jo apnyubepy

0.002

o
°

0

Photographs+ 2D DIC Xray CT + 2D DIC Xray CT +\DIC Xray CT +iscreteV-DIC
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Expetimentainvestigattons digital image: Cortetatio(DIC)

Two3D-images of thesamespecimenat two stepsof loading(strainincremeny

transformation/’? @

| ' o 60
’ ‘ | LY

\ X ¢
. 1 4
b |

F is determined ai to optimize a correlation function in order to get
g(F(x) in F (D)the most likely tdf(x)in D

D: subset around the material point
f(x): gray level distribution insidbP - characterizes the material point
g(F(X): gray level distribution insidE D)A Y (1 KS WiageTF 2 NYSRQ
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1. The set of nodes distributed on the reference image 1s defined. Generally the
nodes are regularly spaced, with a given number of pixels for the distance be-
tween nodes.

2. The subset around the node 1s determined, which is generally a square (2D) or
a cube (3D) with a size of a few pixels (voxels).

3. The zone of research (zone of interest) 1s determined and the most similar subset
in the deformed 1mage is searched.

4. For all possible positions in the research area, a correlation coefficient is mea-
sured corresponding to a displacement of an integer number of pixels, assuming
a rigid displacement (no deformation of the subset). The position that maxi-
mizes the similarity coefficient 1s guessed as the best approximation.

5. The previous approximation is refined by a sub-pixel algorithm, because the true
displacement rarely corresponds to an integer numbers of pixels. Generally, the
subset size in this step is smaller than in step 2] Moreover, the zone of research
(step|3) is reduced to very few pixels (voxels).
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i postmortemobservations
i strain localisation pattern, etc.
i microstructural observations

i detection of strain localisation by multiple internal measurements

u full field measurements (field quantification + time evolution)

non-destructive image tools (tomography)
i measurement of the kinematic fields (2D +t) or (3D +1)
i location of acoustic events

Cc:

T RN |
L B Ty .géﬁ;;‘.‘{';;
: a5 i Z s
- S0
e 30
b 125 g -25 <x< 25 mm .,ﬁii"ﬁ' i‘-i-.: * 4 ‘ "3 '1'."13.3'4<
g 20k ix & a) 1537ev.  b) 1527ev.  C) 1527ev.
1 <
415
20 )
; 410
10
15
0 . ST D
0 02 04 08 08 1 12
Axial Strain, % gl

Location of acoustic events duritigaxial compression tests (Fortin et al, 2009) d) 1527ev. @) 1527ev.  f) 1527ev.
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i Cells for full field measurement (need to see the specimen during loadin
i Plane strain apparatus for soils

electrical motor

screw jack
axial displacement
transducer

—— load cell

_~—upper platen

; - load beam
fz=dl® | plane strain device horizontal displacement
|- rear glass plate transducer
L
' |— specimen
4 porthole
41 |— lower platen
g _lel o 1e g ' |
— — | e
plane strain device pressure cell and
and specimen loading device

Plane strain cell at 3SR Lakeéruet al)
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Axial piston Axial piston

u Cells for full field measurement
u  Truetriaxialcell for rocks

v

Fluid pressure

wMinor stress: fluid confinement, maxi Window
100 MPa X

wintermediate stress piston,force or
displacement contrglmaxi 650 MPa

wMajor stress piston,force or q<

displacement contrglmaxi 750 MPa

wWindow (sapphire)o see the

: , -
specimen under loading Q;JSTe'nmatlon :
1
! Horizontal
; piston_._._._._._._._._._._._.
!
Fixed Fame

Major stress’ ;

Intermediate stress ,

Internal displacement

. . transducers-.
Minor stress -

Truetriaxial cell at 3SR Lab
(Bésuelleet al, 2016) Window- - - - - -

Specimen sizeheight 50mm,
width 25mm, thickness 30mm
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i Cells for full field measuremefrteed to see the specimen during loading
i Xray transparentriaxialcell

Displacement
load

1013913

pressure

Axisymetridriaxial cell at 3SR Lab (Lenoir et al, 2006)
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Plane strain compression tests
(Desruet al, 19912004)

Effects of the boundaries conditions

(a) (b) (©)
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u Pattern of localisation

Truetriaxial compression tests on a
cubical specimerDesruest al, 1985)

Effects of the boundaries conditions:
WATAR L FGSya 2y Gt
surfaces--> reflexion of shear bands in
the three spatial directions
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Expeti ialnnvesigaiiom isusands

u Pattern of localisation

axisymetridriaxial compression testesruest al, 1996)

Experimental investigation odtrainlocalization inGeomaterialsg ALERT schoa] Aussoisg 6t" October 2016



Exﬂmnﬁwmm

u'- W

u Onsetof localisation

A Dense and loose specimen

A Effect of mean stress:
Localisation occurs later %
when mean stress
increases

(a)

volumetric strain

(b)

Experimental investigation

Dense sanddesruest al, 19912004)

0.8 —
100 kPa
200 kPa
06 400 kPa
800 kPa
04 —
0.2 —
0-0|||||||||||||||
0.00 0.05 0.10 0.15
axial strain
0.05 —
200 kP:
4 100 KPa a 400 kPa 200 kPa
OW_WMT""I""I
opo 0.05 0.10 0.15
] axial strain
0.05 -

/s’

(a)

volumetric strain

(b)

Inwaﬁgnjatmrm Ll sﬁmds

s N

Loose sanddesruest al, 19912004)

0.8 —
100 kPa
0.6 —
200 kPa
800 kPa
0.4 — 400 kPa
0.2 —
0.0 T T | T T T T | T T T T |
0.00 0.05 0.10 0.15
axial strain
-0.05 —
: axial strain
040 0.05 0.10 0.15
0.00 PN TR N (N TN TR WO SR N T N S |
B 200 kPa
1 100kPa 400 kPa
i 800 kPa
0.05 -

oftrain localization inGeomaterialsg¢ ALERT schoa] Aussoisg 6" October 2016



Expefimentalinvestigatiom imsands

u Shear band thickness

The band thickness is abouPb x the mean grain size

25
2
)
Jar]
o 20 § o
N A o
v (o)
5 15 o o
& o8
z o) H
g 10 go g
ﬁ 0% 8 = o
g 5 8
=
a1
m O T T T T

0 0.5 1 1.5 2 2.5 3 3.5

Mean grain size [mm]

from Bésuelleand Rudnick(2006), data from Yoshida aff@tsuoka
(1997),Mokni (1992),Muhlhausand Vardoulakis (1987)
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i Critical porosity in shear band

From loose and dense state, therosity inside shear bands convertmsard
acritical porosity(which is mean stress dependant)

|ocal void ratio
inside pand
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090
0es =1
080 — B
Yoid ratio evalution B
Local Global B
0-70 — * Jr  rds B
A N rde B
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030 ] 1 ] | I ] | | 1 | I ] ] ] 1 I 1 1 1 | I 1 ]
000 D10 020 030 040 0&0

Axial strain (global)

from Desruest al (1996)
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Mechanical

Deformation &

response

failure mode

i Mechanical responses and failure modes: brittle vs. ductile regimes

Brittle Ductile w Brittle:
¢ asudden failure, without substantial
precursors
force force ¢ a stronglylocaliseddeformation (fault,

4 4 shear band)

¢ a strongstrain softening aftethe peak
w Ductile
¢ able to sustain a substantial deformation
¢ adiffuse strairfield or highly inclined band
> > ¢ nho significant stress softening
shortening shortening

w Semibrittle: intermediate (localisation

- ‘ without significant stress softening
= The brittle/ductile failure is not intrinsic to the
rock. A rock can be brittle with a low confining

pressure and then ductile with a high confining
pressure.
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u Effect of mean stress: failure modes

No confining pressureaxial splitting, brittle
response

Wa SRAdzyQ O2 y Eheaf haycd
inclined fracture strainsoftening
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u Effect of mean stress: mechanical behaviour and failure modes

o A marble

| scatter

dilatance

............

Fig. 48a—d. Types of fractures or flow in Wombeyan marble at various confining

Stmh, w pressures: a axial splitting failure at atmospheric pressure; b single shear failure at
3.5 MPa (35 bars); ¢ conjugate shears at 35 MPa (350 bars); d ductile behaviour at
a b 100 MPa (| kbhar), (From experiments of the author; cf. Paterson, 1958)

from Paterson and Wong (2005)
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u Effect of mean stress: mechanical behaviour and failure modes

A sandstone

from Bésuelleet al (2000)
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Plane strain compression tests, increments of te 2
strain invariant, from_Lanata(2015)

Experimental investigation odtrainlocalization inGeomaterialsg ALERT schoa] Aussoisg 6t" October 2016



- e RSN e L4 & : - - . RN T ¥ o v - 2T
e asibe . & A s
i

= uld

u Effect of mean stress: mechanical behaviour and failure modes

A sandstone

I N NRIB -

| / X

Fig 6. Observed shear band patterns versus confining pressure for
compression test with 5 /0 =2 and 1. The angle of the bunds with
respect 1o the major principal stress moreases with the confimng
prssure, and bands become more imd more numerous and close.

g

20-30

2
LS l

Fig. 9. Observal shear band patterns versus conlining pressure for extenson test.

from Bésuelleet al (2000)

~from Fortin et al (2006)
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Expermentalnnvesiigaiiom intecks

u Effect of mean stress: volume strain inside shear bands in porous rocks

A sandstone

30MPa 50 MPa
SBwith dilation SBwith compaction

from Bésuelleet al (2000)

For porous rocks, the volume strain inside shear band is dilative
at low mean stress and can bempactiveat high mean stress
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u Effect of mean stress: shear band orientation
Granite Sandstone
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I oW i
2 o
%:b' o = "'.-_- -,
£ m . =T T
5 [ * L
] Fig 10. Relation between 25 e
confinlng pressure and incli- i’_‘ . — PR
mation & of shear fraciure - - " -
4 to compression direction in o = - LT
Westerly granite; closed cir- = & & e
cle: observed angle; opem = ° ) T;'.r;.’:,.:'ﬁ: e s bkl
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coefficient of intemnal [rie- o o] o i B Lo L
tion @ according to @ = 1/4 7 g eps (M EaT
— 1&g [AfeTMogl, 1 Fooa) rdFa
Fig. % Oriecmadon of the shear bands with respest o the major
principal srces axis versus the mean siress ac failure, for compression
r | L 1 (M3 = 1 and 2} and exeension tesi. Solid line shoas the prediction
1] W oL 30 A0 with the Mohr- Coulomb crilerion: § = 45 - @)/, for the #/D <2
Confinmsg  Presgurs 0, MPs GO pessIan. Lesls.
from Mogi et al (1966) from Bésuelleet al (2000)

The angle between the maximum stress direction and the shear band tends to
increase with the mean stress
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i Effect of mean stress: failure envelope

Marble Sandstone
T T M 1 —r 1 rr 1 1 1rrrrrrrr)
[ | Parous ]
r | Sandstones .
§ § : n Q& ]
; = C gu = ]
g el S L, o = ]
: g o T
é E i g%- -A “a u
3 100 F - .
: Y :
£ o - = ]
] b :

o 00 @00 800 800 1000 Gn-.'t' 1E:u 20 300 400

Conlining Pressure O . MPa Effective Mean Stress (), MPa

L (s
A Frictional behaviour at low mean %L S
& Tiama frum OFF (Potsdam)
stress P _ 1
ELU Er sheay bawds __.L:nm,um:!mg-mem'.
) E with dilatancy : bards -~ 1l.,.-'\
Cap surface in porous rocks at S L e S
high mean Stress -g: oy B ! . compaction hands
E EhS ! 3
Evolution of the micro - § o E
. . . = | *y
mechanisms of deformation with a 20} Elastic domain e
mean stress v N
IJI?l EIL'I -ill!l 6IEI SID 1 60 1 ZI‘.GJ : 120

Effective mean stress, P (MPa)

Experimental investigation odtrainlocalization inGeomaterialsg ALERT schoa] Aussoisg 6t" October 2016



u Effect of mean stress: micmechanisms of deformation

granite sandstone

P

— - >9'€< Conceptual crack initiation reasons:

P

L — —c | wpropagation of a crack from initial fissure (in
< - N ’T mode 1),
A _& N N L werack initiation from an (equant) pore
T t f (concentration of tensile stress)

wcrack initiation at a grain contaddértzian

from Guégueret al (2004) ) ‘ -
fracturation- concentration of tensile stress)
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u Effect of mean stress: microechanisms of deformation

relative grain clustering
move

lo

e

Hertzian compactive

fracture cataltic flow

ot

strai

hardening

from Ménendezt al (1996)

shear
calization

ainssaid buluuod

A Grain breakage
A Inter and intra

granular cracks
A dilatancy

A Grain crushing
A Pore collapse
A compaction
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Ts
P.= 130MPa
€uial = 3.6%

Fig. 14. Mxrophotographs of = shear band formed in & dramed test
under 50 MPz of confinement: generz] view and detsl.

_ from Sulemet al (2006)
cracksdensityscale

from Bésuelleet al (2003)
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u Effect of mean stress: synthesis (for porous rocks)
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Plane strain compression tests bimstunsand

Incremental fields of shear strain measuredfalge
relief stereephotogrammetry(Desrueset al.):

wintermediate state (density)
wmostly dilative inside the shear band

wloose state

wboth contractive and dilative incremental
behaviorswere exhibited insidéhe band

wdense state
wdilative inside shear band

Is strain localisation an abrupt phenomens
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in situtriaxial compression tests on Caicos sand

Detector

e Incremental fields of grain kinematic measured by
L = X-ray CTanddiscrete WDIC(Andoet al.):

COFAOL01-02 | COEADI02.03 | COEA01-03.04 | COEAOI-04-05 | COEADI-0506 | COEA0I-06-07
displacement
COEA01-07-08 | COEA01-08-09 | COEA01-0-10 | COEA01-1-11 | COEA01-11-12 | COEAD1-16-17
Vertical Displacement
< -154 px
20 T
- < -239.6 pm (~0.5 Dsp)
COEAO0L-01-02 | COEADL-0203 | COEAD1-03-04 | COEADI-04-05 | COEA01-05-06 | COEADI-06-07
Tr o5 06 Z ¢
07 COEAO01 (o3 = 100 kPa) ’
4 08 o
L 00 9 ¥ P <
5L 03 10 14 _ - 4 t t-
= 13
3
3 U 1o 15 1 17 rotation
g 4| > |
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= g2 i J 2 % ¥
|
2l i
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1 t }
L e a—Sea e o o o J
.
.
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" ]
. Rotation angle

.
0 5 10 15
(axis not shown)

Axial Shortening (% of original height)
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in situtriaxial compression tests on Caicos sand
Incremental fields of shear strain measured by

COEA01-01-02

COEAD0I-02-03

COEAD1-03-04

COEADI-04-05

COEA01-05-06

COEA01-06-07

COLEA01-07-08

COEA01-08-00

COEAD1-08-10

COEADI-10-11

COEAO01-11-12

COEAO01-16-17

0

Deviatoric strain

2 0.25

COEA01-01-02

COEA01-02-03

COEA01-03-04

COEA01-04-05

COEADI-05-06

COEADI-06-07

COEAO01-07-08

COEA01-08-09

COEAO01-09-10

COEA01-10-11

COEA01-11-12

COEA01-16-17

Deviatoric strain

> 0.25

X-ray CT, grain trackinganddiscrete VDIC(Andoet al.):

Shear strain (from
grain trackingg
without DIC)

Shear strain
(continuous YDIC)
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in situtriaxial compression tests on Caicos sand

Incremental fields of grain kinematic measured by
X-ray CTanddiscrete WDIC(Andoet al.):

tracking¢ without DIC)

winitial loading: perfectly

homogeneous

wbefore peak: a large zone
of strain concentration with
a texture like multiple
parallel and conjugate
bands

COEAO01-06-07 COEAO01-08-09

wafter peak: one main band
through the previous zone
of strain concentration

COEAO1 (a3 = 100 kPa) —— |

10 14
13
& AE

R = o1/03

The strain localization
appears as a progressive
process

ey (%)

. ) ]
0 5 ]rl 15
Axial Shortening (% of original height)
| /

/
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In situtriaxial compression tests on three sands

Incremental fields of grain kinematic measured by
X-ray CTanddiscrete WDIC(Andoet al.):

wa fine texture of multiple parallel and conjugate
bands appears at thieginingof dilation

wthe fine texture is reinforced during the dilative
regime

wprogressively, the pattern become a main shear
band. The volume changed is then stopped

The strain localization appears as a
progressive process
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