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Outline of presentation

Part 1:
Dual porosity/dual permeability theory (Borja and Choo, CMAME, 2016)

Part 2:

Transversely isotropic rocks, (Semnani et al., [IINAMG 2016, Zhao et al.,
IINAMG 2018)

Integration of Parts 1 and 2: US Department of Energy project, in progress.
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Double porosity

Aggregated Bioley silt (Koliji, Vulliet & Laloui 2010)
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Double porosity

Aggregated Bioley silt (Koliji, Vulliet & Laloui 2010)
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Double porosity

Aggregated Bioley silt (Koliji, Vulliet & Laloui 2010)

double porosity

* macropores

. o dual porosity
* micropores

 dual permeabillity




Double porosity

Mechanisms considered

 Flow through the
micropores
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Double porosity

Aggregated Bioley silt (Koliji, Vulliet & Laloui 2008)
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Double porosity

Cubzak-Les-Ponts clay (Cosenza & Korosak 2014)
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Theoretical basis

Effective stress equation (Borja & Koliji, JIMPS, 2009)
o' =0+ Bpl

p= Y [¥'Spi+v'(1—5)pia)

i=M.m

Overall mean pore pressure:

 For each pore scale, take the weighted sum of the pore air and pore
water pressures with the local saturations taken as the weights.
 Take the sum of the mean pore pressures at each pore scale with the

pore fractions taken as the weights.



Theoretical basis

Effective stress equation (Borja & Koliji, JIMPS, 2009)

o' = o+ Bpl 1.0 0

p= Y [W'8pi+v'(1+45)pia)

i=M.m

Overall mean pore pressure:

* For fully saturated media, take the weighted sum of the pore pressures

with the pore fractions taken as the weights.
« Need a finite deformation formulation to track the evolution of the ore

fractions.



Theoretical basis

Volume relationships:

Void ratios

Volume fractions

Specific volumes

. d%m . d%]\/f
Em (Xv t) - d‘/s ) ef\/f(Xv t) — d‘/s
dV, dV,
s X _ S X _ vm
¢ ( Y t) dV ) w( Y t) deU

v (X, 1) =14+ e, (X, t)

v(X,t) = v (X, t) +enm (X, 1)



Conservation laws

Balance of Inear momentum

DIV(P) —+ poG — C()(’f)m — ’i}jﬂ)

Balance of fluid mass

Pyt +DIV(Q,) = —co
po’ +DIV(Q,,) = co

» subject to boundary and initial conditions



Constitutive laws

Internal energy equation

Jpe = <7_-7d> + Z <f7ia¢iapi> - Z <Ci7pia;{}i> — <(1 — ¢8)77T71b>

1=M,m i1=M,m



Constitutive laws

Internal energy equation

Jpeé F <7_-7d> * Z <f7ia¢iapi> - Z <Ci7pia;{}i> — <(1 — ¢8)77T71b>

1=M,m 1=M,m

e Mechanical constitutive law in terms of effective stress — modified
Cam-Clay



Constitutive laws

Internal energy equation

Jpe = <7_-7d> + Z <f7ia¢iapi> - Z <Ci7pia;{}i> — <(1 — ¢8)77T71b>

1=M,m 1=M,m

e Darcy’s law at each pore scale



Constitutive laws

Internal energy equation

Jpe = <7_-7d> + Z <f7ia¢iapi> - Z <Ci7pia;{}i> — <(1 — ¢8)77T71b>

1=M,m 1=M,m

e Mass transfer law (Gerke and Van Genuchten 1993)

a
c=—(prm — Pm)

Haw



Constitutive laws

Internal energy equation

Jpe = <7_-7d> + Z <f7ia¢iapi> - Z <Ci7pia;{}i> | <(1 — ¢8)77T71b>

1=M,m 1=M,m

« Evolution of the micropore fraction

T = PeM — Pem



Model validation
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Model validation

Corinth marl 4 MPa
(Anagnostopolous et al. 1991)
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Model validation
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One-dimensional consolidation



Motivations — transversely isotropic rocks

Geomaterials are crucial in many engineering applications

Geothermal energy Carbon sequestration Wellbore drilling

— Waste

— Clay liner

Hydraulic fracturing Hydrocarbon recovery Waste storage



Motivations — transversely isotropic rocks

These applications involve various multiphysics processes

-~

Multiphysics processes:

Solid deformation

Instability/fracture/failure

Temperature
Fluid flow
Chemical reactions

~

/




FIB-SEM, Woodford Shale Bennett et al. (2015)



Micro-CT, Woodford Shale Semnani et al. (2016)



Transverse isotropy

Evidence of anisotropy in the laboratory
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Variation of the compressive strength with orientation of bedding plane (After Crook et al., 2002)



Transverse isotropy

 Material symmetry group

G=1Q | Q-1 =1}

~
N
N

~
N

N\

N

b SR SN, S, | F—
o
o

~
N

 Microstructure tensor
¢ = l1 ) ll

\
N

K

« Transverse isotropy

Q- ¢-Q =¢p VQeg



Transverse isotropy

Compliance matrix for linear elasticity (5 constants):

1/E1 —vi1a/FEy 119/Es 0 0 0
—v19/FEs  1/Ey  —ras3/Eo 0 0 0
[Ce]_l _ —v19/FEy —vog/Es  1/Es 0 0 0
0 0 0 0.5/Go3 0 0
0 0 0 0 0.5/G12 0
0 0 0 0 0 0.5/G)




Transverse isotropy

Compliance matrix for linear elasticity (5 constants):

1/E1 —vi1a/FEy 119/Es 0
—v19/FEs  1/Ey  —ras3/Eo 0
—v19/FEy —vog/Es  1/Es 0

0 0 0 0.5/Clas

0 0 0 0 0,5%2
B 0 0 0 0 05/F .

not linearly independent

0 0
0 0
0 0
0 0
0




Transverse isotropy

Implications of transverse isotropy
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Anisotropic thermoplasticity

o Alternative stress tensor
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Semnani et al. (2016)



Anisotropic thermoplasticity

o Alternative stress tensor 4
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Anisotropic thermoplasticity

o Alternative stress tensor 4
c"=P:o jz‘ﬁ
« Coordinate axes aligned '(/’i
with bedding planes: "//'
L

N B ] A
(0%, o (011
T59 B 022
033 _ 5 033
< ol = 15 ) 093 >
23
%
013 013
%
(T12) L 1.0 / (12,

Semnani et al. (2016) 1.0



Anisotropic thermoplasticity

A
* Yield function >
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Anisotropic thermoplasticity

Yield surfaces

Semnani et al. (2016)



Anisotropic thermoplasticity

 Flow rule
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Semnani et al. (2016)



Anisotropic thermoplasticity

« Rate equation o=CP:é+ 76O
« |sothermal condition o=C? ¢
e Adiabatic condition PC@ = CO' . €r

o =C" :¢
 Shear band analysis: Rudnicki and Rice (1975) criterion

Semnani et al. (2016)



Anisotropic thermoplasticity

TX compression of NC Tournemire shale

1
T2 — 22 > T3

* |sothermal and adiabatic, at theta =
45° and 40 MPa confining pressure,
Zhao et al. (2018)



Anisotropic thermoplasticity

TX compression of NC Tournemire shale 120
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Anisotropic thermoplasticity

TX compression of synthetic transversely
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Anisotropic thermoplasticity

Plane strain compression of OC Tournemire shale
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Anisotropic thermoplasticity

Plane strain compression of OC Tournemire shale
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Anisotropic thermoplasticity

Plane strain compression of OC Tournemire shale
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Anisotropic thermoplasticity

Plane strain compression of OC Tournemire shale
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Anisotropic thermoplasticity

Plane strain compression of OC Tournemire shale
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 Simulations are for OCR =50 at
1 MPa confining stress, Zhao et
al. (2018)



Anisotropic thermoplasticity

Plane strain compression of OC Tournemire shale

 Simulations are for OCR =50 at
1 MPa confining stress, Zhao et
al. (2018)



Finite element simulations

Smooth versus clamped ends
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Zhao et al. (2018)



Finite element simulations

Smooth versus clamped ends
restoring force
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Finite element simulations

Smooth versus clamped ends
restoring force
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Finite element simulations

Smooth versus clamped ends
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Finite element simulations

Smooth versus clamped ends

I A 33;
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Failure modes observed in synthetic
SisEaizmmzsamsaz transversely isotropic rock, Tien et al. (2006)

Zhao et al. (2018)



In progress . . .

* Transverse isotropy in fluid flow and non-Darcy flow, Zhang & Borja
(2019). CMAME, in press.

 Creep in shale at submicron scale - bridging nanoscale to
millimeter scale, Yin & Borja (2019). CMAME.
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