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Why is damage and healing important in rock mechanics?


Morsleben Nuclear Waste Disposal Site [DAtF] Compressed Air Energy Storage Site [ApexCAES]


Applications:


design of nuclear waste disposals [Tsang et al., 2005];


high-pressure gas storage [Pasten & Santamarina, 2011];


geothermal systems [Brandl, 2006; Lund, 2007];


CO2 sequestration [Bachu, 2008; André et al., 2010 & 2011];


hydraulic fracturing [Huang et al., 2011].
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Research Objectives


Goal: enrich a continuum thermo-mechanical framework of anisotropic
damage and Diffusive Mass Transfer (DMT)-induced crack rebonding with
fabric descriptors.


1 Degradation and recovery of rock stiffness


2 Axial and lateral deformation


3 Evolution of microstructure descriptors


Macroscale
[Taken by Tobias Schwarz, Reuters]


Mesoscale
[Taken @ Dr. Santamarina’s Lab]


Microscale
[www.ged.rwth-aachen.de]
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Proposed Approach: Continuum Damage Mechanics
Problem: influence of crack opening, closure and rebonding on deformation and stiffness
Solution in Continuum Damage Mechanics: stiffness softening + irreversible crack
deformation [Halm & Dragon, 1998, Abu Al Rub & Voyiadjis, 2003]


Damage variable defined at the REV scale: second-order crack-density tensor [Kachanov, 1992]:


D =
3∑


k=1


Dk nk ⊗ nk


Total strain decomposition:


σ = C(D) : εE , εE = εel + εed = ε− εid


ε
εE
εel


σ


εedεid
σR


Yield


threshold


[Arson and Gatmiri, 2011]
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Thermo-mechanical Damage Model


[Zhu & Arson, Acta Geotechnica, 2014]
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CDM Framework of Crack Closure and Healing


Unilateral Effects:
Tensor damage variable Ω obeying an
evolution criterion similar to plasticity:


Damage cannot decrease


Neutralization of crack-induced
damage in compression only


——————————————————–
“Net Damage”:


A = Ω− h
3
δ


Diffusion Equation for Healing:


u = U0 − h,
∂u
∂t


= Dc∇2u,


U0 = tr(Ω)t=0
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Diffusion Equation of Healing Evolution


Diffusion Equation:


∂u
∂t


= Dc∇2u


Boundary and Initial Conditions:


u(x = 0, t) = 0, u(x = xmax , t) = 0


u(x , t = 0) = U0


xmax


2
=


l
2
= grain radius


Solution:


u(x , t) =
4U0


π


∞∑
i=1,3,5,...


e−λ
2
nDc tsin(λnx)


n


u(t) = < u(x , t) > =
1
l


∫ l


0
u(x , t)dx =


8U0


π l


∞∑
n=1,3,5...


e−λ
2
nDc t


nλn
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Experimental Study of Creep in Table Salt


Difficult to track microstructure evolution
Same crystal structure as salt rock
Same chemical composition as salt rock


[Manthei, 2005]


Experimental set-up for the creep test performed on table salt
[Zhu & Arson, Geotech. & Geol. Eng.]
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