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GENERAL CONTEXT: energy transition and H, storage

SUPPLY

the future (green hydrogen)

DEMAND
—

——» Decarbonize end uses
S

Enable the renewable energy system

Decarbonize

Clean hydrogen (green and/or blue)

“ﬁm transportation
should play a key role in the world Enate srge-scale - Distibute onergy -
renewables integration across sectors an
transition to achieve carbon neutrality ndpoersneten o oy s
before 2050 { % 4
&L@ \ If Help decarbonize

v’ large-scale electricity storage
v’ decarbonize uses that are difficult to electrify

v" use in industrial processes

S \_\ Actas a buffer
T ou)  toincrease system
resilience

Serve as feedstock,
)’ using captured carbon
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GENERAL CONTEXT: massive H, storage

Storing hydrogen in large quantities is the best option

Massive Storage ‘ Underground storage

2 solutions Storage in Eere T Storage in
deep aquifers LI ”'/' ¥ . / salt caverns Storage in salt cavern

Most secure and economical
solution for large volumes of H,

Only 4 salt caverns in operation
worldwide (e.g., Spindletop USA, Teeside UK...)

but many industrial pilot sites in preparation
worldwide (e.g., Etrez, France)

lllustration fournie par GDF Suez
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PROBLEM

Strong temperature (0-50 °C) and gas pressure (2-6 MPa for a 350 m deep cavern) variations in the salt cavern
depending on the injection-production cycles (depends on usage)

- Thermo-mechanical damage of rock salt in the near field (close to the wall) 2 permeability ,

FOCUS OF THE STUDY

Grgic, D., Al Sahyouni, F., Golfier, F. Moumni, M. & Schoumacker, L., 2022. Evolution of gas permeability of rock salt under different loading
conditions and implications on the underground hydrogen storage in salt caverns. Rock Mechanics and Rock Engineering, 55(1):1-24. 4/12




MATERIALS AND METHODS

/ Rock salt samples \

 Salt bed of the Alsace potash mines (530 m depth) in the East region of France
(Stocamine site for ultimate waste storage)

» Sannoisian-Oligocene (Cenozoic) geological stage

* Considered as a natural analogue of salt caverns used for in-situ H, storage

/o
P F

r  Very low initial porosity (~ 1%) composed mainly of infrapores (nanometric size) that

cy",h,griﬂcm sample of rock salt Kconnect dispersed cracks and macropores /
(¢ =100 mm; H = 200 mm)

llgy——— Loadcell / . . \
s e T Experimental device
B ml Burette{— . :
. - e * Large scale triaxial compression cell
k e Continuous measurement of deformations (strain
; Rock specimen
@ Confining . J ages
M # pressure ¢ 5 B = 698 )
= — I!] ./ | * Continuous measurement of gas (He) permeability
g 7 ‘ Gas Pressure Generator With the Steady_State methOd

* Pressures controlled with precision syringe pumps
Experimental device




EXPERIMENTAL PROGRAM




MECHANICAL BEHAVIOUR OF ROCK SALT

|63 - 03| (MPa)

Sample 6




/ Klinkenberg (slippage) effect

the less permeable (and then less initially damaged) samples

6.E-19 7.E-19

 Klinkenberg effect (i.e., decrease of permeability with the increase in gas pressure) only observed for

N

2 2 k, (m? § k, (m? §

* When it appears, the gas flow falls in N I g R
5.E-19 P,=1mpa SE1V° P.=5MPa
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Initial permeability

* The initial intrinsic permeability of the studied rock salt ranges over more than 4 orders
of magnitude: 10716 to 5x107%! m?

* Wide permeability range of the as-received samples due to the presence of cracks
caused by the stress relaxation (induced by core drilling or cavity excavation) and
sample preparation

k Voids (cracks) distribution in a rock salt sample from X-ray tomography




EVOLUTION OF APPARENT GAS PERMEABILITY WITH STRESS INCREASE

- - Sample 2
P,=1MPa

-0 - Sample 5
P.=1MPa

-#- Sample 6
P,=5MPa

o Sample7
P,=1MPa

+ Sample 8
P.=5MPa

Sample 10

P.=1MPa
Hydrostatic
compression stage

-G- Sample3 p, =4 bar
-#- Sample4 p,= S5 bar




IMPACT OF MECHANICAL AND THERMAL FATIGUE ON ROCK SALT PERMEABILITY

Static (creep test) and dynamic (cyclic) mechanical fatigue

dynamic fatigue

act in a competitive way to annihilate any
significant permeability evolution

1.E-18 4000

(m?) Sample 10 (E-06)
3000

&3
2000
‘ 1000
N k,
1.E-19 g eeegman ezt Tt g 0

-1000

-2000
Creep stage: én

P,.=1MPa -3000

Time (d
1.E-20 : (days)

1oy - 0331 = 15.7 MPa

0 1 2 3 4 5 6 7 8

Evolution of permeability k and deformations
as a function of time during a creep test

+ -4000
9 10 11

- Different mechanisms involved in rock salt
deformation during dynamic and static fatigue

0

» Volumetric dilatancy (microcracking damage) develops and increases slightly the permeability during

* Self-recovery reduces damage and decreases slightly the permeability during static fatigue (creep)

10 15 20 25 30 35 40 45 50 55 60 65

Evolution of permeability k and volumetric deformation g,
as a function of time during the cyclic triaxial compression test

1.OE-15 - 35
(m?) (MPa)
30
o . ) o 20 LR o 25
o0 t’om%nmm%% . %% %cudb:“oow o°%°o k
% 5 20
1.0E-16 +°°
— - 15
layy - o33l 10
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5
[ ] Time (h) Pe=1MPa
1.0E-17 T ! T T T T T - 0
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-1 600 (E-06) g Bt (MPa) -
-1400 ampre 20
-1200 Pe=1MPa 5
-1 000 ”m m
“m” 20
-800
. 15
-600 i
-400 loy - o3l 10
e Time (h) 5

10/12



IMPACT OF MECHANICAL AND THERMAL FATIGUE ON ROCK SALT PERMEABILITY

5000
(E-06) Sample 12
4000
3 000
2 000

1 000

-1 000

-2 000

Sample 12

P.=1MPa

efore thermal fatigue
O After thermal fatigue




EXPERIMENTAL HIGHLIGHTS

* Permeability of the studied rock salt varies over more than 4 orders of magnitude \
* Slippage (Klinkenberg) effect only observed for the less permeable and damaged samples

 Deviatoric loading under low confining pressure (1 MPa)
- Small increase in gas permeability from the dilatancy threshold due to microcracking

* Deviatoric loading under high confining pressure (5 MPa)
- No increase in permeability because the material becomes fully plastic (hno more microcracking)

* Hydrostatic loading
— Gas permeability decreases because of irreversible cracks closure due to self-healing process

* Permeability increases slightly during dynamic/cyclic mechanical and thermal fatigue tests
(corresponding to high-frequency cycling in salt caverns) due to microcracking

* Permeability decreases during static fatigue (creep) thanks to the self-recovery process
» Results have to be confirmed on less initially damaged salt samples !!! /

The different mechanisms (viscoplasticity with strain hardening, microcracking and cracks healing) involved
in rock salt deformation act in a competitive way to annihilate any significant permeability evolution.
-> Strong confidence in the H, storage in salt caverns which remains by far the SAFEST SOLUTION



Numerical modeling of hydrogen storage in salt cavern

m

* From available experimental results on salt rock, of | ' ' 1 —
propose/develop a rheological model that 2000
reproduces the main features of short and long :z
term behavior a0l
e Validation based on experimental tests and rLo00r

-1200+

Depth (m)

application(s) to salt cavern

-1400+

9.83

* Analysis of the impact of the operational phase: 1600}

7.87

-1800+

v Mechanical behaviour of the salt cavern

5.9

-2000r

v" H, leakage through the cavern wall (extent of -2200(
the dissolved H, plume) 24000

3.93

1.97

-440 ¢, L L] 0

-2600— . ! L
0 500 1000 m
Width (m)

HydroMechanical model: viscoplastic and damage model

Coarita-Tintaya E.D., Golfier F., Grgic D., Souley M. and Cheng L. 2023, Hydromechanical modelling of salt caverns subjected to cyclic hydrogen injection and
withdrawal, Computers and Geotechnics, 162: 105690, 10.1016/j.compgeo.2023.105690

* ThermoHydroMechanical model: Previous model + fatigue + healing + thermal coupling



https://doi.org/10.1016/j.compgeo.2023.105690

Elastoplastic and damage model

Elastic tensor (compressive stresses are negative and o; < 0, < 03)

Ci = (1 — d)Cjy
d=d +d +d—h ; d € [0; 1]

d;: instantaneous damage
d;. fatigue damage

di: tertiary damage

h: healing

d: total damage

Mohr-Coulomb yield surface

fo=q+pPMp—Np

sin ¢ _ 1—d —di +h)ccoso
Mp - ’I]p("}p) cos f 1 . ’ Np - ’I]p(’”yp)( cost; 1 )
(W—gsmé’ smqb) (W—gsmé’ smqb)

Hardening rule

() =1—=(1 —np)exp {—ap’}



Elastoplastic and damage model

- : (Chiarelli et al 2003,
Plastic potential Souley et al. 2017)
g=q+ B(")p
Bm — (Bm — Bo)exp (=bs ) i 2P <Al
B(+P) = p
" (F}( ) Buir exp ( — FY_p) : '}‘p > '7’5”
Yult
5 — Bmexp(@oi) : o1 <0 A
o Bm . 0120 p

B(~P) : dilatancy coefficient

Bo(Bo< 0) is the initial volumetric contraction, Bn(B~> 0) is I —

the volumetric dilatancy at large deformation 8, Yult ]?p

We have volumetric contraction when B8 < 0, whereas the plastic
strains evolve towards volumetric dilatancy if 8 > 0.



Elastoplastic and damage model

\dmax
Instantaneous damage (a;) (Mazars 1984) dmax
fo =d"™ {1 —exp[-bg (Yo — Yo)]} —d <0 ; d €l0;,d"™] (Zhou et al. 2011)
gmax _ | do exp(aaor) ;01 <0
L dg” 0120

Yo = /() : () ;e is the principal strain value of the elastic and plastic strains
a,4. parameter describing the effect of confining stress

Fatigue damage (d;) (Zhang et al. 2023)

dy = ’;’_‘; ("™ — df) ; dr € [0; df"™]
dmax dmax (1 _I_ bf2 <Yd _C ch> )
Yd

Assumption: The value of instantaneous damage is constant during the fa-
tigue test



Elastoplastic and damage model

Transient creep Steady-state creep [ el ererion
Creep strain rate (kelvin-voigt model) (Norton law) 7 [ e rren
. 1 i BN * nN 3 S % 40 F
) EE{? - [—*(q* - G; Efr) +|An EXp | —— q ~ ¢ 30 | Tertiary creep zone
up T O ref 2 q L
Gi = Grexp (ki ") 5 7k = nkexp (k2 G°) ol
Tertiary damage (d;) o (MPa)
) At frs nT 80 [ rastic fimit ' '
(Hou et al. 2003) df = AT -0 | —Damage threshold = Healing bounda
(1 — d)nT Oref —Peak strength
g = q q*: Mises stress undamaged 60f
1 —d q : Mises stress damaged % sol
o
> Damage is activated and increases if the damage limit (dilatance = ol
criterion) is exceeded IS
Healing (h) & 30f Damage zone
Healing zone
! d - fds 201
h = _
h O ref 10
- . 0 . . -
Assumption: The healing boundary 0 5 10 15 20

and the damage threshold are lo4| (MPa)

identical



Mathematical formulation

Thermo-hydro-mechanical coupling

V.[C:e®—b(p—per)]—aC: (T— Te)l]+ pmd =0

pi ba“” ';;,z? + V.(pr q) — 3pr am %? 0
pcp%—?+w— V.AVT) =
Where: na(g’f) +V.(qcy,) =V.(nD*.Vcy)
. C=(0-09C { n  (1-b)(b-n)
pm=(1—="n)ps+ Nps M- K Ky
@'—_ur?T)(VPerrQ') am = (b=nat nar(l)

k = ko104 (Gawin et al. 2002)

Fully water-saturated material

Two-phase flow not considered

Dissolved H, transport by advection and diffusion

The value of the Biot coefficient is 0.3 if material is damaged



Storage in salt cavern : case stud

. ° ° ° ° * 0 .
boundary and initial conditions - A |
Cavern A Cavern B . | 1001
Model geometry Depth m -350 -1350 _ 200 A
Volume m? 70 686 910 800 - splindletop 300k
" Pmax - H2 MPa 5 20 | Cavern A
H, Conditions Pmin - H2 MPa 2 6 - | -4001 -
;sz | 500f -
) e L 800 F -
(" . . p E 200l
Cycling scenarios: = 700
A Seasonal A Daily 2 800 -
max Q
¥ e -900 -
1000 1
1100 1
min . _12 - .
bg pgnln 00
> > -1300 f -
<€— 6 months —> €— 6 months —>Time €—D>E€E—D>€C—>E€ >Time | Cavern B
4 h 6h 4 h 10 h -1400
. > For 50 years = For 100 days) 1500 =
Analysis cases Radial distance (m)

« Elastic (= To verify the HM model: realised)
« Cavern A (seasonal & daily)

- Cavern B (seasonal & daily) 19



Storage in salt cavern : case study

Cavern geometry, boundary and initial conditions and properties

(a) Internal pressure A

Geostatic pressure

Leaching
Maximum gas pressure < Debriningx\ Py
Brine pressure Db
@
Minimum gas pressure pznm

Cycling Ioadlng

Tlme
(b) - D ® < ®
'|_ | Geostatic condition Brine L Hydrogen
i Ps = Patm — VsaitZ Pb = Patm — Vb2 p;;nax = pgun
il | =252c - 0,032 Ty = 65.5°C rmax o in

N

20



Depth (m)
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Storage in salt cavern : case study

Cavern geometry, boundary and initial conditions and properties

Short-term numerical values

Parameter Value Unit

Parameter Value Unit

Parameter Value Unit

Parameter Value Unit

E 35.0 GPa ap 70 ap 0.5 1/MPa M 0.031
v 0.3 Bo -0.02 bg 70 by 0.036 s
c 125 MPa 8y, 1.5 dpe 0.3 bro 1
b 283 ° bs 80 aq 0.5 1/MPa Y  0.0278
7P 0.05 +E 0.09 R; 3 MPa T: 1 y
Long-term numerical values
Parameter Value Unit Parameter Value Unit Parameter Value  Unit

G 12600 MPa Tk 60000 MPa.d nr 3.5

ki -0.18 1/MPa ko -0.15 1/MPa As  4.0E-10 1/d

3 0 1/K An 0.005 1/d Bdo 1

Gie 7560 MPa By 4700 K ar 0.5 1/MPa

kig -0.18 1/MPa nN 4 hy 6000 d

he 0 1/K Ar  4.0E-8 1/ B 1

22



Storage in salt cavern : case study

Cavern geometry, boundary and initial conditions and properties

Hydraulic Thermal Transport

Parameter Value Unit Parameter Value Unit Parameter Value Unit

ko 1.0E-20 m?/s A 6.8 W/(m.K) D* 6.0E-9 m?/s
Ak 90 a 40E-5 1/K
if 0.001 Pas Cp 850 J/(kg.K)
n 0.012 o f(T) 1/K
b 0.012
K; 22E+9 Pa
pF 1000 kg/m®

«107*

(]
o
[ Y
=]
IS

L9y a(M 15
P"f{—r} 14 -

Linear thermal expansion of water (1/K)
[ay]
Dynamic viscosity of water (Pa.s)

: . : : 2
300 320 340 360 380 400
Temperature (K) I



Hydro-mechanical results

Stress path at the bottom of the cavern (Deviatoric stress projected to the plane 8=1/6)

Seasonal Daily

35

~ | | s ' | I

30

30

ak Critey R

T Pe

e’

101

0 5 0 15 20 25 30 35 5 ) 10 15 %0 25 30 a5
log] (MPa) |o,| (MPa)
* Relaxation of deviatoric stresses over time
« Seasonal and cavern A: in the first extraction it exceeds the elastic limit. For the following cycles this limit is not ,
exceeded due to creep. In cavern B the dilatancy criterion is reached




Hydro-mechanical results

Plastic and damage zone

Cavern A Cavern B
270k 1 0 | 1150 = -1150 :
= Seasonal |«  Daily | Seasonal Daily mmm Plastic zone
200} 1 200l ] 2000 41gm 1721 1 | Damage zone
-310+ 4 -310f -1250 4 a12s0f
330k 4 a0k i 1300 4 -1300
-350 4 -350fF B -1350F 21.7m - -1350F 33.9m
370 1 -370F . 21400k 4 1400}
-390k | 4 -390 -1450+ < -1450}
wer o 1 0 1500+ 4 -1500+ *Ts8m
-zor 1 T t=3.0 years ’ t=3.0 years
430k t=53 years 4 430} +100 days . t=53 years + 100 days
o lI] 2I0 4I0 r; e tI] 20 40 m 0 5I0 llI]t] m 0 5ICI ltIIlt] m
_ _ Around cavern B, the damage zone is initially located at the
Around cavern A there Is a small extension of the bottom. The plastic zone is all around the cavern and is,more

plastic zone, in the lower and lateral part of the cavern.  gyiansive for dailv cveling



Hydro-mechanical results

Cavern wall displacements
Cavern A Cavern B

m [T T T ] m T T T m T T T
mm mm 1150 . @ 1150 . mm
ISeasonal || .l T Seasonal Il &
- g 280
21.63 3.85 1200+ 3.3 1200k 197.08
-290F
19.67  _300 - 3.5 3 179.17
-1250 -1250 -
-310F
17.7 3.15 2.7 161.25
-320F
1573 2.8 1300k 24 1300k 143.33
1377 340F 2.45 21 125.42
-350F -1350F -1350
11.8 2.1 1.8 107.5
-360
9.83 370+ 1.75 1400k 1.5 1400 - 89.58
-380F
7.87 1.4 1.2 71.67
-390
-1450 -1450
5.9 200 - 1.05 0.9 53.75
-410
3.93 0.7 1500l 06 jeoob 35.83
420
1.97 I 0.35 0.3 17.92
430+ (=3. Years
-1550F B -1550+ + 100 days
-440 |, 1 " 0 -440 |, 1 L 0 1 1 1 0 1 1 1 0
1] 20 40m 0 20 40m 1] 50 m 0 50 m

Around cavern A, the displacements Around cavern B, the displacements are important for seasonal
are small and in the order of 26 mm cyclage. Maximum displacement of 3.6 m on the lateral side 26



Hydro-mechanical results
Hydrogen leakage

m m

1150} 4 1sof
i s | B S |
2801 280

1200} 1200
290 290
300 300

1250} 1250}
3101 310
3204 320
30l 330k 1300} 1300
3401 3401
350 350 1350} 1350+
360 360
370 3701 -1400 1400+
380 380
390+ 390

1450} 1450+
-400 4 -a00f
4101 4 -a10f

1500} 1500 ¢
420 4 -az20f
4301 4 -a30f

1550 4 ssof
'440 - L L 1 - —440 - L 1 L L L 1 1 L 1

0 20 40 m 0 20 40 m 0 50 100 m 0 50 100 m

For both caverns, a similar hydrogen extension is estimated around the cavern. Almost 2.5 m for a daily
cycling and almost 15 m for a seasonal cycling. Gas transport mainly by diffusion.



Thermo-hydro-mechanical results

Plastic and damage zones around cavern

(@)m -800

-900
-1000
-1100
-1200
-1300
-1400
-1500
-1600
-1700

-1800},

254 m

t=33 years

‘448 m |

0

500

m

(b) m
| 8

00

-900
-1000
-1100
-1200
-1300
-1400
-1500
-1600
-1700

-1800F

241 m

431 m

t=33 years

0

500

m

L ©)

-800

-900f
-1000F
-1100f
-12001
-1300
-1400
-15001
-1600}

-1700

-1800¢,

- 387 m

(“241m

t=33 years

431 m |

0

500

Zones at 33 years for (a) Case 1. HM (b) Case 2: THM (c) Case 3: THM (without
healing)

m Before the operation phase, only plastic zones are calculated in the
analysis cases
m At 3.5 years (first minimum gas pressure), the damage zone appears,
and the plastic zone increases
m In the following years, damage zones increased slightly in extension,
while the plastic zone increased more

28



Thermo-hydro-mechanical results

Net damage at the bottom of the cavern

0.06 ? T
= Case 1. HM

m—Case 2. THM
0 .05 F = Case 3: THM (without healing)

Net damage (1)
o o
o o
w B~

o
o
]

0.01F

0 5 10 15 20 25 30
Time (years)

Note: Net damage is defined as d = d; + df + d; — h
T




Thermo-hydro-mechanical results

Cavern wall displacements

(a) -1200 ' ' ' ——Initial wall cavern (b)
\ —Case 1: HM m
-1250 ¢ | =——Case 2: THM 21200
——Case 3: THM (without healing) 7.06
6.2
5.35
4.5
3.65
2.79
1.94
1.09
0.24
-0.62
-1.47

-1300 | 12508
-1.49

-2.09
-2.69
-3.29
-3.88
-4.48
-5.08
-5.67
-6.27

-1300F
1350 | -1350}

-1400F

Depth (m)

-1400 | -1450r

-1500

-1450 | ]
__// -1550

-1500 - - - -1600 7.2
0 10 20 30 40 0 200 m 0 200 m

Radial distance (m)

t=32.5 years

-2.7

(a) Cavern wall displacements (scaled by a factor of 2.5), (b) horizontal and (c) vertical
displacements for Case 1: HM

m Case 1 has more displacements than Cases 2 and 3 because it has a
larger extent of the plastic zone around the cavern

m Cases 2 (THM) and 3 (THM without healing) exhibit similar
displacements I

m Important horizontal displacements are calculated on the bottom wall of
the cavern, while significant vertical displacements are calculated on the
floor of the cavern
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The

rmo-hydro-mechanical results

Pore pressure distribution

(a)W

(b) m
1000 -1000 MPa
-1050 -1050
-1100 -1100
-1150 -1150
-1200 -1200
-1250 -1250
-1300F . -1300
-1350¢ 9 -1350
-1400+ . -1400
_1450-./ - -1450
-1500} . -1500
-1550}F . -1550
-1600} . -1600
-1650F -1650

Pore pressure distribution around salt cavern at 32.5 years for:
(a) Case 1: HM (b) Case 2: THM (c) Case 3: THM (without healing)

Pore pressure distributions for Cases 2 and 3 show more modification
around the cavern compared to Case 1, due to the temperature effect.
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Thermo-hydro-mechanical results
Hydrogen leakage

a m T T b m T T c m T T
( ) -1180¢+ . ( ) -1180F - ( ) -1180+F .
-1200-10.1 m . -1200-10.3 m . -1200110.4 m y
-1220 . -1220F - -1220 -
-1240 . -1240F - -1240 .
-1260 . -1260F - -1260 .
-1280 . -1280F - -1280 .
-1300 . -1300F - -1300 -
-1320 . -1320F . -1320 .
-1340 . -1340F - -1340
1360 10.5m | 1360+ 10.5m | 1360 10.7 m |
-1380 t=33 years -1380¢F t=33 years -1380 t=33 years
-1400 . -1400F . -1400 .
-1420 . -1420F . -1420 .
-1440 . -1440F . -1440 .
-1460 . -1460+ . -1460 .
-1480 . -1480F . -1480 -
-1500F10.0 m - -1500+10.3 m - -1500+10.3 m -
-1520—| . . -1520—| . . -1520F, . .
0 100 m 0 100 m 0 100 m

Hydrogen extension around salt cavern at 33 years for:
(a) Case 1: HM (b) Case 2: THM (c) Case 3: THM (without healing)

m Hydrogen extensions are similar for the three cases due to transport
properties, modified only near the cavern wall



Conclusions

A THM model describing the main key features of the rock salt behavior has been developed
v" Short term model takes into account elastoplastic and instantaneous damage behaviors

v’ For the long-term behavior, the three creep phases generally observed on creep tests are
considered

v" Fatigue damage and healing have been also implemented
v Thermal coupling and hydrogen transport are considered

* Numerical simulation results
* The deep cavern is more susceptible to mechanical stability problem:s.
 The daily scenario is also more detrimental to the stability.
* Even if damage occurs, the extent of damage zone is limited

* the amount of gas leakage is also limited and both caverns lead to almost the same plume
size because of diffusion which is preponderant.

* Healing contributes to annihilate any significant damage evolution
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Thank you for your attention !



Main assumptions of the model

Rock salt is considered as an isotropic material

Its elastic limit is very low -> The initial yield strength is assumed to be a
fraction of the peak strength criterion

It has a hardening deformation mechanism and shows a more ductile
response than most other rocks

Ductile behaviour: increasing confining stress
Significant dilatancy at low confining stresses -> To define the dilatancy

A Dilatancy

>

Volumetric strain

criterion Axial strain
we use the plastic potential: volumetric plastic strain (%) 2 <0 P >0
if &£ > 0: we suppose that the material is in volumetric dilatancy WV Contractant

s Damage initialisation: volumetric dilatation, due to microcracking, lead to a significant
increase in the permeability of rock salt

=» Damage initiation is characterised macroscopically by dilatancy

= The maximum achievable damage is reduced with increasing confining stress, because there is no
volumetric dilatancy = ductile behaviour

=>» Based on continuum of damage mechanics - CDM, an isotropic damage variable is considered, in first
approximation, which modifies the elasticity and strength parameters
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Proposed elastoplastic damage model

Full model equations (compressive stresses are negative and g; < 0, < 03)
M-C yield fp =q+pM, — N,
surface: ng (1-d) P
Sin — C; COS
M, =n? ; Ny =77 ‘
f(p.q,0) P (yp)(%—%sinesingb) P (yp)(%—%singsinqb)
3 3
Hardening variable: 17 () = {ng +{1- ng}a;/—iy} (Chiarell et al. 2003, Zhou et al. 2011)
P
Plastic potential: g =q+B(y,)p (Chiareliietal2003, Bt Pm
Souley et al. 2017)
_0'3
Bm — (.Bm - .BO) exp(_bﬂyp) 5 Yp < Yui
Bvp) = 14 v
( p) IBult exp (1 - _p> ) yp > Yuit
Yuit
Bm = Bmo exp(aq03) >
B Yuit Vplgeo/////
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Rock salt behaviour in long-term

n . . .
e (1., _, q* \ V35 Numerical uniaxial creep test
& =\ 77 (@ — Geeer) + An | 7 20 @005 .. o o pa
k ref - g:gm:‘: }A: Primary + secondagfy creep
—_— * — 0-02 [ c— =8 MP
G = Grexp(ky q¥) T =71 d, = —a-13WPa }A+ tertiary cre
& ——q=18 MPa
N = N exp(ky, q*) q": Mises stress undamaged ©0.015 |
q : Mises stress damaged 8 \[, q .
goot t [ T e q=18 MPa
i 8 || | e
TranSIent Creep Parameters Gk’ kl’ nk and k2 E 0005 | e o- 13 MPa
(Kelvin-Voigt model) (Heussermann et al. 2003)
g =8 MPa
0 , !
Steady-state creep Parameters: A, and ny o 1 20 30 40 50 60
(Norton law) Time (days)
(b) 03 [
=8 MP
Tertiary creep © —initial criterion :3=13 M:a
wo F —Peak criterion 0.25
(HOU et al. 2003) —Dilatance criterion
= 50 -
nr %. 40 g 02
= . g
Jas. S 30 Tertiary creep zone § 015
Oref L) 2
d- —p— 20 _E
t T (1 - dt)nT 10 E 0.1
0
: 0.05
Parameters: Ar 5, (MPa)
and nT 0 ———,
=»Damage is activated and increases if the damage limit 0 10 20 30 40 50 60 //
(dilatance criterion) is exceeded Time (days) geo / i
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Proposed elastoplastic damage model

Full model equations (compressive stresses are negative and g; < g, < 073)
0 1 max
Damage: fd = dmax{]. — eXp(—bd(Yd — YO))} —d < 0 dmax
Y, = +/(&): (g) (Mazars
1984)

Y, = value of Y; at 5(y;)=0 = fus
(Zhou et al. 2011)

Amax = d‘?nax exp (ad 03)

ay: parameter describing the effect of confining stress

v

dmax decreases from its maximum value due to confinement effect
Dilatance criterion
1 B
By, =0;y*=——ln< > = nP(v*
( p) P bs " \Bm — Bo 1) (Vp)
§ sin ¢ § c; Cos ¢
fas = q + pMas — Ngs Mas =17 (1) ; Nas =1(vp) l
(M—lsinesinq’)) (M—lsinesinqﬁ)
V3 3 V3 3
Parameters: £,V . 0
Thorel 1994 : ¢;, ¢, dyuxs by @
p 4 max: 9ds Aq
i, @ Mo» @, Bos Brmos By dnaxs bas g L
Dragan et al. 2021: E, v, By, Bmo. bp
(\‘(& oe’&:’s\"} ]
) N
&@, QQo’@ & QEO//// /i
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Numerical verification of triaxial tests

Short-term parameters values used
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