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* New energy applications (e.g. CO,, H, storage, geothermal) Teapng | | e
involve pervasively multiphase coupling B
Residual CO; trapping || ————e—
» Long time scale are frequently required for analysis e w e e e w

Time, years
Metz et al. (2005), IPCC (2007)

» Coupled processes are often disregarded in O&G operations

» To assess the impact of coupled time dependent processes

a rigorous theoretical framework is required

Newell & ligen (2018) - Overview of Geological Carbon Storage (GCS)
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« Examples of time and fluid dependent behaviour
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Non energy related case: shallow mine chalks

Organic soi
Green clay (blocky)

Yellow weak tuff

1 Yellow hard tuf

* .| Green hard tuff

White weak chalk

menmeneanene Quarry roof

Grey weak chalk with flints
wereerereeeeeeeeeee Quarty floor

HORIZONS

Compaction and subsidence in oil reservoir chalks =
—

Webinars

.. 496 MPa v e

Subsidonce tate, cmvyr
Pressre, hundeed s

© Kietil Alsvik / ConocoPhillips

e 78m water depth, 2900m bsl, 150m " e
thick : ‘ ,

1 billion m3 of oil originally in place
Production: 1971-2030

47700 md3/day of oil

7 millions m3¥/day of gas

H[ﬁ Late 1980s: full-field water injection

De Gennaro et al (2003), Doornhof et al. (2006) ; SR L
Water-flooding - Increase of fluid(s) pressure - Biot-Terzaghi mean effective stress decreases

Ms;nﬁﬁm ’ - Expected : unloading (elastic) and decreasing compaction
-,
g @ -> Observed : increasing compaction and constant subsidence rate !!
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Wellbore Damage

Table 4: Summary of back Iy

of time-dependent wellbore instability events in Wara Shale

Calculated Pore Pressure Change After
Maximum Exposure Duration
Hole
Mud Openhole Enlargement )
Depth Mud Type Mud || Weight | Duration | (% of Wellbore | Mud Pressure | Chemical
(ftMD) Activity Used (Day) Diameter} Penetration Potential Total Pore
Well (ppa) Pore Pressure Mechanism Pressure
Change Pore Pressure Change
{psi) Change ipsi)
{psi)
CaCl: Polymer
Al X2z (15.4%CaCL) D20 a7 4 4.T% 257.1 885 188.7
CaCl; Polymer

Al x37 (15.8%CaCk) 030 a7 4 8.2% 2376 102.0 1246
Bentonite

A2 x58 (3.5% NaCl) DoB 24 3 15.0% 138.4 32307 4500
Bentonite

A2 i) (3.5% NaCl) D28 24 3 340% 1318 3307 4525
Bentonite

A2 x42 (3.5% NaCl) D28 04 3 TO0% 2872 2857 &720
Bentonite

A2 X43 (3.5% Nacl) 028 a4 3 400% 1253 2030 3284
Bentonite

A2 44 13.5% Nacl) Dae a4 3 BA% 1723 3307 5030

15 . . Positive net change indicates that pore
Mud Activity > Shale Activity

pressure increases with time in the formation

Water saturation increases - effective stress decreases

in the formation
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Salt Creep

casing

Potential Problems

E Radlial stress relauation

Sa creep
Salt sl

Wellbore Displacement

Annulus/

Flow of Salt

Borehale wall weakened
by leaching water. gas
and other minerals
our o salt

Initial Condition Bending of Casing After Salt Creep

~—#— After 500 Days of Production  —#— At Production Start

Welhore enfargement
resits from sat
drssalion

@
3

Accumuiated cuttings
jam drisiring

)
3

Fig.1 Challenges of drilling and completion in a salt formation (Farmer et al., 1996)

w
&

Wang & Samuel, 2013 (SPE 166144)

Von Mises Stress (10° psi)
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= Shear stress suppression

. Linear elastic material model

. Zero pore pressure or zero Biot

. Calculate new Young’s modulus while setting Poisson ratio close to 0.5

. Calculate original bulk modulus based on experimental data l

>  Preserve volume changes, while suppressing shear stresses L ok

Transent StoadySite Acceleraive
= Apply creep material model et N e (1
. Linear elastic material model with power-law creep l! 15 §
. Zero pore pressure or zero Biot é E
. Apply original elastic moduli and creep parameters from lab tests H :é‘

. Initialize stress state choosing from different methods

Firme et al. 2014

> Compute creep strains and corresponding stress change in surrounding

Time

5 :Alo‘"lt”’l +,42t]'”2t'"2

. P—
) CO, Sequestration -
14
upstrean side. - (a) —— upstream side o (a)
12 downstream side el EA— - rethnongh 12 downstream side —
E? . o snen = uen 5 g ‘ 8 MPa { § MPa
g B MPa é‘_,’ k 1
e ~ - ooy i °
B g 4 MPa
# e 4 "l
g 2P —r N 2.6 MPa 2
Step® | Step 1 Step 2 Stepd | Stepd i Step 1 Step 2 Step3  Stepd
0 48 96 144 192 240 288 o 48 96 144 192 240 288
o soue (e} Q CO, penetrates and propagates in the H )
- ®) areas of the material with lower water b "
) retention capacity (saturated), without ooz
0.010 3 B . .
5 5 generation of fissures and cracks o
g 0.015 % = =3 .é. 000 - E
1°7| ¢ : QO Results highlight the importance of the P & B
g H- water saturation of the caprock material = | =
0030 g R A i i =
ol Saturated Sample = in assessing its sealmg capacity and om | Dry Sample
‘ ‘ o N predicting the mechanical response o = .
iy Step 0 Step 1 Step 2 Step 3 Step 4 . L ! e Step 1 Step 2 Step3  Stepd
o B % w1 a0 o during CO, injection o 4 s i 12 0 8
time (hours) time (hours)
Minardi et al. (2021)




6/27/2022

. —
Outline _—
* The embarrassing paradox of effective stress
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The embarrassing paradox of effective stress =
ebinars
Jennings & Burland (1962)
Limitations to the use of effective stress in partially
saturated soils
0,65
Bishop & Blight (1963)
T1 (DRY)

Some aspects of effective stress in saturated and
unsaturated soils

LVDT transducers

-~

2
—
E

|.— Membrane

- Loading ram
| — Sample

|~ Porous stone

w2 Q| Base pedestal

Double Oedometer Test

Void ratio, e

0,55

L
~
[

Water injection

& swelling
(sample T2)

=X

— Dry chalk (T1 & T2)

—o- Water saturated (T5 & T2)

Water injection
& collapse

T2 (DRY)

0,35
100

1000 10000
Vertical stress, 0, : kPa

100000
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0,52 4
Water injection
o Voo
0,51 _ D =—2 C,,=0.0020
Constant vertical load 29.3 MPa 8
Dry state (test T1)
0,48
(0]
O 0,46
© 8  Short time scale — instantaneous compaction
_-g 0.44 ] Constant vertical load 29.3 MPal Adsorbed water, surface energy, capillarity
> Saturated state (test T1)
0,42 4
Caz=0.019
041 \f Long time scale — delayed compaction (creep)
IPS : dissolution & diffusion of particles
0,38 T T T AR
0,01 0,1 1 10 100
Time : days
Estreux chalk : Air - Water
. A
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» Theoretical framework
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Rock skeleton

Qil or Water

Soil skeleton

Qil or Air
Water

. o
Theoretical Framework _
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Weting fid () WATER Terzaghi — Biot Effective Stress — 0’y = Oy = Pyy/nw &5

Non wetting fluid (nw) * absent . L .
+ Solid grains incompressible (a = 1)
Material strength encompasses : + Energy dissipation due to porosity changes
- Water activity
—  Physico-chemical interactions
(e.q. dissolution / precipitation)

Bishop’s Stress — O'ij = 0y — in 5ij + Srw(in'Pw )6ij

W fluid (w) : WATER . . . .
SRR +  Solid grains incompressible (a = 1)

Non wetting fhid (nw): OlL or AIR « Energy dissipation due to porosity changes and wetting fluid saturation changes
Ml gt e + Porous volumes of Wetting and Non-Wetting fluids deform equally
~ Fluid-Sold interface energy (capilary bonding) *  P,,-P, is called Suction (s) but often also Capillary Pressure (P,)
Water activity
- Adsarption

- Physico-chemical interactions Coleman (1962), Bishop & Blight (1963), Fredlund & Morgenstern (1977), Hassanizadeh & Gray (1980),

Lewis & Schrefler (1987), Houlsby (1997), Dangla et al. (1997), Jommi (2000), Coussy (2007),
Pereira & Coussy (2010), Pereira et al. (2010)

(e.g. dissolution / precipitation)

Net stress

Suction

. A
Theoretical Framework —>
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Combination of two independent stress variables

Dissipation due to porosity changes — 0y = Ppy, & + H1(S, Spy) 8

Dissipation due to wetting fluid saturation changes — H5(S, Syy,) 8;

For incompressible grains

a"j=0;—-P, % — this is the classical Terzaghi-Biot Effective Stress
Sj=(Pw—Pyg — this is often called Capillary Pressure (P,)
Class 1 models Class 2 models Class 3 models
My =0 My = H4(S) My = M1(S, Srw)
H2 =S H2 =S M2 =S

choice is a matter of convenience
Gens (1995)
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Yielding-Failure in Partially Saturated Rocks =
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30 4

—
o] Py
o &
15
S :
o
10 A
54 Neo
© NguyemT2008)
| 0 T T T T T !
16 0 5 10 15 20 25 30
p (MPa)
p - u, (MPa)
Pasachalk 2 Project (2004) Nguyen (2009)

< Air or oil act as non-wetting fluids and strength chalks > Hardening depends also on wetting fluid saturation (in addition to plastic strains)
«  Samples experience wetting induced compaction (water weakening) - This is a plastic collapse mechanism controlled by S, or Suction

« Chalk compressibility increases with increasing water content (i.e. decreasing suction) = Increasing compaction & subsidence

- A
Outline —>
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* Numerical modelling

10
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Yielding-Failure in Partially Saturated Rocks =

Elastic behaviour

S

de’ = K @_’_ K ds
I+e p ]+e(s+pa)

Volumetric behaviour

s

" ltep I+e(s+p,)

A dp+/\ ds

de

Instantaneous compaction (pore collapse)
A0 )-k

*

Po | P, |

w7/

aturation decreas

Si
Barcelona Basic Model (BBM)

Class 1 model

P Saturation Increase
Alonso et al. (1990)

. . . P—
Time Dependent Hydro-Mechanical Coupling =
Webinars
0,020 ~
o Water saturated 0 MP
os=42MPa s=oira
Os=15MPa o ore] &0 .
_ 0015 ADrychak ,8=15MPa N AT
o & o o
o “ s=4.2MPa gm ¢ Sl .
() - e o »VZ; qw\’”. .
8 o010 . A P e
1] O" o g 002 ; ] ¢
E Tt |8
o S c
SO 5 . -
0,005 + Yy Y )
,9 % T A A Dry Oldecop & Alonso, Géotechnigue, 2002 & 2007
’CYI[:]/",Q/’ <> -—;.—— -
o Yoo This behaviour is generalized
PR B A .
0.000 iﬁ‘?&%%ﬂfﬂ B é e Fo many geomaterials: creep
’ - ‘ ‘ ‘ ‘ ‘ in partially saturated rockfill,
0 10 20 30 40 50 clays, salt, etc.
o, (MPa)

11
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0,020 -
o Water saturated
o5 =42 MPa
os =15 MPa "
B N
Stress values for each test are = 00157 2 g kol . o
normalised (divided) with respect to the o
corresponding yield stress =1 J
R . . S o010 y 4
This identifies a unique consistent trend I - g
[0} o Q
o £
We can link secondary consolidation, & S % o
material strength, saturation 0,005 - Q,-"'o o " Lt
’OEIO“OO A_
o o P oA _A---—" " 0Oo(s) decreases
A e >' B
0,000 &&@mﬁ o , ‘
0 1 2 3 4
0,/04(s)
Time Dependent Hydro-Mechanical Coupling =
Webinars
100000 |
] Effect of saturation A G(S) Ratio
— - Water 4.462 0.108 2.44
n‘? T s=200 kPa 4.516 0.092 2.04
5 | DRY oil 4.451 0.060 1.33
§ OIL - T Dry 4.499 0.045 1
-I‘-l 10000 r )
®  J02MPa s N
k] 1 ° x WATER
2 8
s 7 als)
Results from 1D CRS tests
1000 T T T T
1E-008 1E-007 1E-006 1E-005 0.0001
Strain rate (5-1) Pasachalk 2 (2004), Priol (2005) PhD, Priol et al. (2007)

12
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Early works from Suklje further
developed by Bjerrum for “quick”
Norwegian clays collapse have
highlighted ISOTACH behaviour

Interestingly some authors have
recently proposed a visco-plastic
stress model (“stress relaxation
theory”) as an alternative for in-situ
stress analytical modelling e.g. Sone
& Zoback (2014) and Ma & Zoback
(2014)

The ISOTACH behavior has more
than one link with the “stress
relaxation theory” and it offers a
rigorous theoretical framework
avoiding pure rheological laws

Viscoplastic modelling

e
Instantaneous

time-line

swelling line

\ Y \\ e
NN g,
LN
0.001&,_0l¢,,
»Inp

Pe3 P2 Pt Pe
/

Ovo - Evo : Evo

=
Webinars

The time needed to move\
from one isotach to
another is CREEP

Constant strain rate tests
can reduce laboratory
time for material
characterization

)

Suklje (1957), Bjerrum (1967)

Time & Suction Dependency

—_—
Webinars

12 —
Lixhe chalk : Oil — Water Fast rate
"o,
8 — 1 MPa
©
e 0,5 MPa’,
< ] ":
o
4 — [ ] ;
0 T { T { S {6 T ‘
0 4 8 12 16
p - u, (MPa)

13



6/27/2022

Multiphase Viscoplastic Modelling N
'ebinars
Saturation effect ——> f = f(O'”,S,EvP,X)
Extended plastic hardening p: = p:( ELE)
Dragon & Mroz (1979), Lemaitre & Chaboche (1985)
. . . 1+e
Rate hardening p, = pm( £, )exp —gvp
A-k
log p,
=p' i "
p::/ 77777777777777777777777777777777777777777777 ‘ p ro p ro é:gf
als,)
Pu
g;ff lOg é De Gennaro & Pereira (2013)
Multiphase Viscoplastic Modelling =
'ebinars
log p,,
/]a

a(s)=a,(0)-bs

Py
Y.
Pr
S Ao :
& log &, [ p T p
P, p,(s)
A(s 1
C?' C( A} ) - Aa((s )) ) De Gennaro & Pereira (2013)
coupling

14



6/27/2022

—
Model Results — Rate Dependency _
Webinars
BBM parameters
K A r B (MPa') | p,(MPa)
0.004 0.15 0.9 0.25 0.01 e
451
47 .
Rate parameters asl £
| i | a0 | bMPa ol /
7 28 0.108 0.043 £ sl H
03¢
1.5 [
Lixhe chalk b
s=1MPa (S, =10%) 05l £=1007°s"
e,=0.7 0 ‘ ‘ L ‘ : : :
0 0.02 0.04 006 0.08 0.1 0.12 0.14 0.16 0.18
g, ()
De Gennaro & Pereira (2013)
o
Model Results — Creep —_
Webinars
BBM parameters
K A r B (MPa™) | p,(MPa)
0.004 0.15 0.9 0.25 0.01
1] 05
Rate parameters A
s ref ref 0 b (MPa™') omr o b
£, Pro a.(0) S o} s .
7 28 0.108 0.043 ;E i % 0.4 ~-_
¢ g
g o Eo.as
3 o2t
) 014 0.3+ e
Lixhe chalk ol o
s=1MPa (S,, =10%) T S S R S . Ss=om
De Gennaro & Pereira (2013)
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* Concluding remarks
. P
Concluding Remarks ol

« Time and fluid dependent behaviour in rocks can be consistently described by a rigorous
theoretical framework (isotach and extended plastic hardening)

« Extension to partial saturation can help addressing more effectively and rigorously phenomena
like “water weakening”, mud fluid sensitivity without introducing unnecessary uneven
assumptions

+ Model's parameters can be inferred by standard tests and can be used to identify reliable trends

in the case of time dependency

Existing constitutive modelling and computational methods in geomechanics seldom used in

O&G and can be successfully used for new energy applications

16
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