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Introduction

Context
Nuclear waste storage
Crystalline rocks
Fracture networks
Hydrogeology 500 m

Geomechanics
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Introduction

Challenges

Scale Anisotropy

* Multiscale fracture networks (cm — km)
* REV ¢

* Several fracture sets

= outerons 05miom * Orientation distributions
=2 10° @ lineaments 100m-1km
B : ¢ lineaments 500m-5km
10" g W ¢ lineaments Sweden scale

outcrop model 1 a~22
outcrop model 2 a~3

areal density distribution n (/).L
=)

107"+
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fracture trace length (m) F ’ ’ ;
Fracture size distribution raciure siereone

—> Fractures should be a central point of rock mass (RM) modelling
—> DFN methodology
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Introduction

The Discrete Fracture Network (DFN) methodology [Selroos et al., 2021]

Fractured RM: population of deterministic and stochastic fracture-like objects embedded in an
impervious elastic matrix

Integrate geological, hydrogeological and mechanical data

Valid regardless of fracture density

Basis for simplification: effective properties, main hydro paths...

And understanding: link with global indicators (percolation parameter...)

Predictions
(K mean + std)

+— 2D Data
08" x?
——29"x?
—— 30 Simulation’

1 10
Length (m)

Statistics

Properties (tfransmissivity)
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Introduction

Applying the DFN methodology in geomechanics

To estimate fractured RM effective elastic properties
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Introduction

GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

C I d SSiC CI I I y From the lithology, structure and surface

conditions of the discontinuities, estimate
the average value of GSI. Do not try to

oo ° be too precise. Quoting a range from 33

Rock Mass Classification (RMC) charts AT T
GSI = 35. Note that the table does not

apply to structurally controlled failures.
Where weak planar structural planes are
RQ D Q R M R GSI D present in an unfavourable orientation
’ ’ ’ ’ eeo e with respect to the excavation face, these

will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
° e o ° e that are prone to deterioration as a result
Semi-empirical relationships of changes ' misur conert il bo
reduced if water Is present. When

working with rocks in the fair to very poor
categories, a shift to the right may be
made for wet conditions. Water pressure

Barton's Q rating (RMR = 15 Log Q + 50) is dealt with by effective stress analysis.
0.001 0.01 01 1 10 STRUCTURE

1 1 |

@ INTACT OR MASSIVE - intact
rock specimens or massive in
situ rock with few widely spaced
discontinuities

Slickensided, highly weathered surfaces with soft clay

Slickensided, highly weathered surfaces with compact
coatings or fillings

coatings or fillings or angular fragments

Smooth, moderately weathered and altered surfaces
VERY POOR

Very rough, fresh unweathered surfaces
Rough, slightly weathered, iron stained surfaces

SURFACE CONDITIONS
POOR

GOOD

2 VERY GOOD
FAIR

(2]

REASING SURFACI

,

” / NA | A

PN ALTYT

70

ll

QUALITY

N

Read et al (1999) L)
Serafim and Pereira (1983) BLOCKY - well interlocked un-

Bieniawski (1978) 2 disturbed rock mass consisting
Stephens and Banks (1989) of cubical blocks formed by three

intersecting discontinuity sets

40 4 — Serafim and Periera (1983)
- g::g: :;(')0((})99 v ® 7] VERY BLOCKY- interiocked,
= Hoek and Diederichs (2008 : D = 0) Jr 7| partially disturbed mass with
BT Pa multi-faceted angular blocks
formed by 4 or more joint sets

50

BLOCKY/DISTURBED/SEAMY
- folded with angular blocks
formed by many intersecting
discontinuity sets. Persistence
of bedding planes or schistosity

NNNR

Deformation modulus £ (GPa)

DISINTEGRATED - poorly inter-
locked, heavily broken rock mass
with mixture of angular and
rounded rock pieces

<7— DECREASING INTERLOCKING OF ROCK PIECES

/
/ 3
/

N

LAMINATED/SHEARED - Lack 10
of blockiness due to close spacing N/A N/A
T of weak schistosity or shear planes
0 10 20 30 40 50 60 70 80

Bieniawski's RMR or Hoek and Brown GSI ratings

[Hoek and Marinos (2000)]
[Hoek and Brown (2018)]
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Introduction

Adapted to heavily jointed rock masses

Assembly of blocks
Several sets of potentially infinite fractures

Defined by fracture spacing only
Applicable when model resolution >> spacing

= COMITE FRANCAIS
(i IT ASC A DE MECANIOUE
i DES ROCHES

Use of GSI to reduce strength
of samples with defects such
as micro-fractures and veins

Intact rock - do not use GSI
Use Hoek Brown to check
for tensile and shear failure

B

¥
BRSNS IR
o, SN ORLEINNL, & N ~.'l~ N
&413€'<§'§:§§§§§;.; -‘;.\og. Single joint - do not use GSI '§¢<~;§g§’::‘.§§}..
RO SREINY ini P SO, S RN R
RSN &> Model joint explicitly and use X '\34.,:\}’}':-.;\\\\\&
~ Q

RO NIV TN

\’~0, ’“""""". ZoN,

Y SO ‘.

A o0 AN o A TaNe
&N \ N2

Hoek Brown for intact rock

LAY
NN RN AR S R
R A SR I BRI
R R AR R R Lo R
NS S SN SN A VAN
N IR YIRA
2R P NN N A N IR
SN R DA DRI I LRIISF N
Noare "§‘\\'n’.:$~“2§ RS

do not use GSI. Model
joints explicitly and use
Hoek Brown for intact rock

Blocky rock mass with minimal
anisotropy - use GSI with caution

Heavily jointed rock mass
Use of GSI is appropriate

[Hoek and Brown (2018)]
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Introduction

Adapted to heavily jointed rock masses
Assembly of blocks

Several sets of potentially infinite fractures

Defined by fracture spacing only

Applicable when model resolution >> spacing

Lack of

3D representation
Scale

Anisotropy

—> DFN methodology
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Block assembly
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Introduction

Objectives
Overcome limitations of classical RMC approaches

Using the DFN methodology to estimate RM effective elastic properties quantitatively

Effective compliance tensor

=€0¢ !
K’ Total rock mass deformation

Define which DFN metric is the controlling factor

Y
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Fractures contribution to rock deformation

Total rock mass deformation : matrix deformation + contribution of all fractures
l]klo-l] + Z (El])
Contribution of fracture f to the deformation component €,

t n,
(Exy) = >

S_f n
t

lx

f tf dS  contribution of the fracture f to the displacement to the x
ty = (n.n,) ———— boundary is obtained by projecting and integrating the
Sx displacement field on the x boundary

P '
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Fractures contribution to rock deformation

Total rock mass deformation : matrix deformation + contribution of all fractures

l]klo-l] + Z (El])

Contribution of fracture f to the deformation component €,

S >
(Exy) = (n.ny) f(t ny) 7
S e | /@

lx
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Fractures contribution to rock deformation

Mean shear displacement
Fracture of size [
Elastic matrix
Intact Young modulus £ [

Intact Poisson ratio v
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Fractures contribution to rock deformation

Mean shear displacement

Matrix resistance to deformation

Ty = Ky t

Poisson

@E ITASCA@ e

romo

Intact rock modulus

8

COMITE FRANGAIS.

3w 1 vOZ‘ E*
HONS

T

Fracture size

Tp = Tm
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Fractures contribution to rock deformation

Mean shear displacement

Fracture plane resistance

Tf = min@ t@
N

Fracture shear stiffness ~ Coulomb stress limit
(if critically stressed)

v

TR = Tm + T¢

Stress partitioning
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Fractures contribution to rock deformation

If not critically stressed If critically stressed
Mean shear displacement

=R —
Stress 0 t(r)

fracture angle: 207 fracture angle: 607

1.5+ (no slipping case) 154 {slipping case)
o .
] 0o 1
] . 05 1 0
1.2 1.24 0.5
— 1 - 1
" 1 : ] 2
5 094 T ol
average = g :
3 | Q ]
Ko s 1
a 064 & 06
© 1 2
& 0.3 03
Fracture shear & ]
displacement 1 ]
0.0 T . T T T " T 0.0
0.0 0.2 0.4 0.6 0.8 1.0 ' ' ' ' '

7 T
0.0 0.2 0.4 0.6 0.8 1.0
distance to fracture centre, r

[Davy et al. (2018)]

distance to fracture centre, r

= e
ko +Kk km
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Fractures contribution to rock deformation

Scale dependency

. Ey .
With [, = —, the fracture size so that k,,, = k;
s
| « | F_ R R o | If kg is negligible, fracture size
S — kgt ~ K defines the shear displacement
If kg is dominant, shear
_ R R displacement is.independeniL
[ > lS t = Kotk ~ ke from fracture size
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Effective rock mass elastic properties

Remote stress Intact rock mass DFN __ Effective compliance tensor
field properties _— € = EU:R + z E=f
__ - ! = 1
OR CO(Eo, Vo) C — E- 0]
Potentially anisotropic Potentially anisotropic

Loop for all fractures

g _1< 1 N 1 N 1 )
/=1 3 Exx,f—l Exx,f—l Exx,f—l

Effective Theory:
Fracture f « sees » a matrix damaged by _ ¢

tr = *
[1, (f — 1)] fractures ! Er_4
kg + R

Exx,f: Eyy,fl EZZ,f
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Effective rock mass elastic properties

60 -
50 4 ﬁ‘ 7
a
nelow
Enﬁ] e
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DFN percolation parameter, p
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Effective rock mass elastic properties

107
o O
0sll © [01;04]
' o [0.6; 2.4]
06l effective theory Epeﬁﬁ
o8-
E/E, ot
Numerical 0.4 -
. . #
simulations 0. \
0.2-
0.0 [Davy et al. (2018)]
0.0 0.2 0.4 06 0.8 1.0
E (effective theory) / E
m
Theoretical
calculations
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Effective rock mass elastic properties

Analytical solutions for simple cases
If kg Lk, (1 KL L)

E.rr = Epexp(—c(6)p)
ff p c . .
° ) " » Potential size effect since
p=5 E fl? p is scale dependent

So-called percolation parameter

If kg > ko (1> 1)
ks

ers Py, + kg/En N—

/ » No size effect since

Pyy ==Y 12 — i i

32 =, ur by P35 is scale independent
Total fracture surface per unit volume
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Application to Forsmark FFM01 deformation zone

DFN (FFMO] Unif) 10' 5
10° + o = —— UFM arrest
S —— UFM growth
10" & g
10° +
= 10° +
10*
10° &
10°
107 -+ f
1 10 lmin
size | (fracture diameter) L
Mechanical properties
- Ei _1;5& _1;;_)‘ 0 0 0
Ty R Intact Rock ﬁzy O vzzy
E, =76 GPa % E "E 0 0o 0
.O-H T €x x y z Ox
¢ Vm = 0.23 €y Yz _Vyz i 0 0 0 Oy
€ E. E, E o,
F €yz = 1 X Tyz
ractures €rr 0 0 0 T 0 0 e
k(o) = 46.55 x 24039 x 10° Exy . Toy
k, > 100k, 0 0 0 0 = 0
Xz
0 0 0 0 0 !
2Gyy ]
5 10 15 20 25 O-Tl _
No critically stressed fractures Compliance tensor C
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Application to Forsmark FFM01 deformation zone

Given the DFN conditions:

75 4
701" * If kg = 0 = maximise the scaling effect
65 . \\
60 A
55 4 ..
50
— 45 - T
] e
% 407 —u— Exx T
30 A Ezz
25 ] Gxy
1 —u—Gyz
20'_ Gzx
54 e
10_' Ezz if ks=0
1 ---- Eyyifks=0
O i I ' I ' I ' I
0 10 20 30 40
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Application to Forsmark FFM01 deformation zone

75 Je
70 X
65 = \\
60 _. \\\ \'\‘__‘.—.
55 -
50 A
— 45 T
© [ N
% 40 i
& 35 —u— EXX
—— Eyy
30 g . Ezz
254 N e————3—s Gxy
] —u— Gyz
20 . Gzx
5«14
10 H Ezz if ks=0
5 ---- Byyifks=0
0 ! I ! I I 1
0 10 20 30 40

3 s
cccc

Given the DFN conditions:

With current mechanical properties

1.5m<[;<35m

Decrease of Ej; with L up to ~10m.

E,, decrease from 76 Gpa to about 62 GPq, i.e.

about 25%.
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Conclusion

DFN methodology: integrate multiscale anisotropic fracture distributions

Effective elastic properties of fractured RM can be assessed quantitatively by a method
combining individual fractures contributions

The developed method can be applied to large DFN (million of fractures)
Fracture frictional properties introduce scales effects

Depending on fracture frictional properties (ratio [ /L) the effective properties are driven
either by p or P3,

X F
@ ‘3} SEANCE TECHNIQUE DU CFMR 2021— LAVOINE ET AL. u
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Perspective

Comparison with predictions based on RMC charts

Characterization of stress fluctuations, and
associated scale dependence

AN A \u— f
Semi-effective medium representation Wi

NN ) | \\
Extend the methodology to strength properties Full DFN

Semi-effective medium

,
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Conclusion
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