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Environmental risks: Surface 
Uplift / Subsidence & Induced 
Seismicity
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From [Rutqvist et al, 2014]
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§ Geomechanical evaluation of a potential CO2 storage sites
§ Risks of fault activation and hydraulic fracturing
§ Uplift and subsidence

Methodology
§ 3D Geomechanical simulator
§ Fluid flow in the rock and along faults
§ Deformations of the rock
§ Opening and shearing of cracks and faults

Parallel open-source FE library Akantu www.akantu.ch, gitlab.com/akantu

Current assumptions:
§ Single phase fluid flow
§ Constant bulk and fault permeabilities
§ Constant friction coefficient along faults

Project goals 5
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Governing equations for the rock (3D)
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§ Balance of momentum

§ Fluid mass conservation

§ Constitutive equations (w.r.t. initial state)
• Stress state

• Variation in fluid content

• Darcy flow
§ System to solve after implicit time integration

∇ · σ(u, p) + f = 0

∂ζ(u,p)
∂t

+∇ · q(u, p) = γ

σ = Cε(u) +αp

ζ = α : ε(u) +
1

M
p

q = −κ(u, p)∇p

[

K Ap→u

Au→p/∆t S/∆t+ C

] [

∂u
∂p

]

=

[

fn+1 −Kun − Ap→upn
γn+1 − Cpn

]
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Governing equations for faults and cracks (2D)
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§ Continuity of tractions

§ Lubrication flow

§ Constitutive equations

• Traction

• Coulomb friction

• Darcy flow

σ
′(u, p)n = −t

∂w
∂t

+ wSf
∂pf

∂t
+∇‖ · (wq‖) + q⊥− + q⊥+ = γf

t =

{

0 if δn > 0

N (δ) if δn ≤ 0
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q‖ = −
kf

µ
∇‖pf

<latexit sha1_base64="mAAx5pRZALqRfYzzREmbYjurbec=">AAACG3icbVC7TsMwFHV4lvIqMLJYVAimKql4dKzEwlgk+pCaqHIcp7VqJ8F2kKok/8HCr7AwgBATEgN/g9NmoC1Xsnx0zj269x43YlQq0/wxVlbX1jc2S1vl7Z3dvf3KwWFHhrHApI1DFoqeiyRhNCBtRRUjvUgQxF1Guu74Jte7j0RIGgb3ahIRh6NhQH2KkdLUoFJPU9sNmScnXH+JrVCcpSm0GXmA/pwi6ZCj7GygTVWzZk4LLgOrAFVQVGtQ+bK9EMecBAozJGXfMiPlJEgoihnJynYsSYTwGA1JX8MAcSKdZHpbBk8140E/FPoFCk7Zv44EcZmvqDs5UiO5qOXkf1o/Vn7DSWgQxYoEeDbIjxlUIcyDgh4VBCs20QBhQfWuEI+QQFjpOMs6BGvx5GXQqdesq9rl3UW12SjiKIFjcALOgQWuQRPcghZoAwyewAt4A+/Gs/FqfBifs9YVo/Acgbkyvn8BjPSi8A==</latexit>
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n



§ 1st order FEs for flow and deformations
§ Cohesive elements for cracks & faults [Camacho & 

Ortiz, 1996]
§ Flow in a crack is averaged along width
§ 2-node interface flow formulation after [Segura & 

Carol, 2004]
§ Longitudinal flow

§ Transversal flow

Discretisations 8

KLmp =

∫∫
S

k̂lB ·B
T
dsdt

KTmp =

∫∫
S

ktN ·N
T
dsdt

<latexit sha1_base64="+8KtMU2jbiMPN7AuDnaug/WgkFM="></latexit>

QTmp = KTmp · [I;�I] · p

<latexit sha1_base64="yYRhNX2pM6qqG0i20U0cxmjHHrQ="></latexit>

QLmp =
1

2
KLmp · [I; I] · p
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§ Solution of nonlinear system by Newton Raphson
§ Monolithic solve of Jacobian system by iterative partitioned 

conjugate gradient [Prevost, 1997]
§ Parallel direct solver of linear subsystem (MUMPS)
§ MPI parallelization & synchronization at the quadrature points

Solution scheme and numerical details
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[

K Ap→u

Au→p/∆t S/∆t+ C

] [

∂u
∂p

]

=

[

f
n+1 −Kun − Ap→upn

γn+1 − Cpn

]

From [Vocialta & Molinari, IJNME 2017]
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§ Compression of saturated porous sphere [Cryer, 1963]
§ Initial uniform pressure rise p0

§ Non-monotonic pressure diffusion – Mandel-Cryer effect
§ Caused by stresses redistribution upon drainage

Benchmark
Poroelasticity
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Strong scaling
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§ Scaling testing on a Cryer sphere with 
1,200,000 DOFs 

§ From 1 up to 72 cores
§ Intel Xeon nodes with 2 sockets of 36 cores, 

512 Gb RAM and dual 25 Gb Ethernet links
§ Speedup 
§ Code scales with exponent of 0.6 (1 for 

perfect scaling)

S = T1/Tp



Benchmark | Injection into a fault 12

From [Saez et al., JMPS 2022]
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§ Friction along a fault
§ Point injection into a planar fault
§ Fault is under normal and shear stress
§ Coulomb friction along the fault
§ Pressure diffusion causes evolution of the rupture front
§ Stable (aseismic) rupture propagation
§ Analytical solution in [Saez et al., JMPS 2022]
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Application | Injection into a faulted aquifer
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Overpressure and 
deformations
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Fault overpressure and 
stresses
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Slip
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Quantitative evaluation
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Slip vs stress 
orientation

M
E

G
A

 S
em

in
ar

, 2
1s

t M
ar

ch
 2

4

E
m

il 
G

al
ly

am
ov

19



Critical stress orientations
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§ Fully-coupled geomechanical simulator was developed
§ MPI parallelization allows to solve large geological models
§ Helps to evaluate fault slip initiation, aseismic slip, poroelastic 

effects
§ Benchmarked against multiple analytical solutions for flow, solid 

mechanics, friction and hydro-shearing
§ Capacities were demonstrated in the injection into a faulted aquifer 

scenario
Outlook:
§ Investigating the effect of poroelasticity on aseismic slip
§ Adding opening-dependent fault permeability
§ Coupling with a multi-phase reservoir simulator
§ Adding thermal effects into the model

Summary
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