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Technological motivation A h _
pproac Method: 1-way coupling

Goals: Fracking

Shoie gea actraction

» Develop fundamental understanding of i

1. A dlit is inserted through
bonds crossing a half plane

the chemical-mechanical mechanisms H Generally speaking, this work is based on the simple premise: . .
that control subcritical cracks in NGk R 2. 2. g‘ falr -field Cf[)”t'lmium
. 5 Vo LY R .".h ’4 " » » . . n i i i
low-permeability geomaterials i, Ay e consistent fields from atomistic simulation .\ nanoscale results alsplizcc;!e:)nner;nsgnl:ufl;]slgf
> Link atomic-scale insight to Y m-:,/ e application of continuum theory fp od

macroscale observables and directly ol PPP atoms (red)
a‘:fd'ess hw{, Ch-eml'(:'}‘:’”\T"'O””‘C”t s i.e. first, connect atomistic data to continuum fields in a manner 3. stress, displacement, and
afrects mechanca enavior. . . . i I

' ' e - and a scale consistent with the conservation balances: then, use energy density fields are

e e . Sequestration - coarse-grained on a grid

Why Atomistic Simulation? B com - continuum theory to analyze the process. (qreen)
S e, iise We

» Cracks start at the atomistic scale by
the breaking of bonds at the rock-fluid
interface.

There are many technologically relevant examples of the validity of 4. Eshelby stress is formed and

this approach down to the length-scale of nanometers and the J-integral is evaluated
hundreds of atoms. Ingredients on the contour (black)

 atomistics provides a first-principles description of the crack
surface and other defects structure and energetics

» Crack tip formation & crack
propagation is influenced by fluid and
surface chemistry (e.g., development

In particular, atomistic simulation is particularly suited to the

R e v of €O, clasching . . . . . .
i Sy TINNS e analysis of configurational forces since they typically have atomic . . .
of surface charge & adsorbed species -~ Y & y ypicatly - continuum provides far-field surrogate model and theory for
along fracture surface). large-scale problems with mechanical and detalls' i i
chemical forges a<ting on cracks Int erpret at|0n
Background (1) Eshelbian mechanics: J integral (1) Eshelbian mechanics: Eshelby stress
(1) Connection between particle & continuum mechanics: The energy release rate relative to a process with motion x,, The Echelby st be defined exoficitl
» [IRVING&KIRKWOOD 1950] Correspondence of particle F = OxXx;, and a fixed reference configuration X is: © ESNEILY SLTESS Can be denined explcitly s
trajectories & continuum fields through the balance laws S—VI—F'p
» [HARDY 1982| Extension of 1&K to smooth kernels ﬁ(<Pt, Xt F) _ ﬁ(X, Xt F) — /axw o, dV where
o [ZIMMERMAN 2010] Referential/material frame extension > W is the (Helmholtz) free energy,
well-suited to solids where ,(X) is a map describing the configurational change in the > F = VxX is the deformation gradient,
(2) Theory of configurational forces: reference configuration, and » P is the 1st Piola-Kirchhoff stress
» [ESHELBY 1951] Foundations of configurational forces notice these are an energy-conjugate triplet.

» [RICE 1968] Application to fracture OxV = VxV(X,F(X)) —xW(X,F): VxF=Vx-S
> [Wu' 2001] Application to diffusion is work conjugate to the configurational change ;.

(3) Application to atomic systems: _ _ _ J= / SN dA = / UN — F'TPNdA = WN — H PN dA
S is the Eshelby stress and the J-integral is the resultant force a0 o0 19,

At zero temperature equilibrium, the J-integral reduces to

e [JONES 2010] Path-independent, T = 0 atomistic J-integral
where W is the internal energy, H = Vxu is the displacement

e [JONES 2010] Finite T, quasistatic J-integral
J = aQSN dA = OxI1 gradient, and N is the outward unit normal.

e [ZIMMERMAN 2013] Application to ductile metals

conjugate to the motion of the crack tip ¢;.

Exceptional

a<f

(2) Consistent coarse-grained fl.elds. momentu’m (2) Irving-Kirkwood /Hardy formalism (2) Consistent fields
. In order to construct the necessary fields, take Newton's law The estimation of three energy-conjugate fields are necessary.
Service m. i, = f, To obtain the stress from its divergence, instead of a truncated > energy density: ) Wo(X) R
expansion for Ay = 1, — 13, define an exact relation W(X,t) = Z balt) (X — Xgo) — Z X (X — Xo)
. h with mass m,, displacement u, and force f, = Ox_ P, and localize B B o o
i1n tne with kernel b = 1(X) where ¥, = ¥(X, — X) is an averaging AY = Vxip - AX+... = VxB-AX where ¢X = ¢, ({Xgs}) is PE in a fixed reference configuration
weight via {Xﬂ} (perfect Iattic.e w/ bonds deleted along crack).
. l Z Moo Vo = Z f, Vq . » displacement gradient :
nationa o a Bas(X) = / b (A(Xa — X) + (1 = A)(Xg — X)) dA H=Vxu=Y u(t)VxN(X).
The left-hand side can be identified with a change in momentum ° !
. to obtain a stress (recall Vx - P = % Za,ﬁ fos VxBas - Xas ) using interpolation u = ), u(X;, t)N;(X) of displacement
interest PX, 1) =D maia(t) a , a(X. 1) — S Cralt) = Xa) e (X~ X)
| o o P(X,t) =~ D fap(t) ® Xag Bap(X) o >0 Mat)(Xa — X)
and the right-hand side with a divergence of stress @, defined mass-weighted consistent w/ momentum density.
1 which is unique up to a solenoidal field & is similar to the virial. > stress
Vx P=> fotba= thafag=2> (ha—ts)fap=... P P(X,t) = = > fas(t) ® XapBas(X)
o of : of3

|dealized crack with displacement boundary conditions

Results: Consistency and Accuracy path independence
&

Amorphous materials. silica glass

The coarse-grained fields satisfy Hardy vs. LEFM 1= .
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R Also our use of partition of g of SO e 0

0.008 [-gup oo . = LEFNL WY
§ oo lfh unity/FE kernels = _
AN S o 3 | appears to be very ductile
ool X;) = Nj(x : .
Eooweit o Ya(X/) (%a) 3 | likely has a large/ larger
= 0 i ::9 ! @Av . R - el .
o H ,,,,,,,,,,, (and interpolation) can lead to 5 non-continuum zone
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Chemistry Fluid infiltration Current work
| access to crack tip is limited
by steric & diCusion This atomistic-continuum approach

The interaction of the crack and a fluid can change the apparent : .
consideration

fracture toughness. Chemical as well as mechanical influences can » shows path-independence
. I [Orowan 1944] surface :
drive fracture. . » good agreement with theory
adsorption can reduce . : .
N » rational implementation
.| / Si° surface energy _
Py s | » extensible to many types of
"si’ ‘ ‘3 | pressure can do work on the S
L
| o | leaves of crack and reduce |
He _(':) H"' H the el ective J We are Current|y WOfklng on:
H }- H . . ' <
H_cr)‘f-'.‘-‘. 0 o S - : » reacting fluids
O(a j"b".\ : We see suppression of fracture s . H off S—
' : L 2| » pH effects
%ﬂ | ZIN and S[:;\jth dTp%nc:.encebdlﬁe tc? in 2l R L — —
- crea C'I?E rng Iton 3|' :;d etx- Sl » mineral & clay
m » posure. e J integral needs to ol 1 |
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