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ABSTRACT

This paper presents a post-bifurcation constitutive maddla modified assumed enhanced
strain (AES) finite element implementation for simulatingpag discontinuities in rock in
three-dimensions. A plasticity model appropriate for mimdepre-failure deformation re-
sponse in rocks is formulated with strong discontinuityr(juis displacement field), leading
to bifurcation criteria and a form for post-bifurcation stitutive equations. The finite ele-
ment implementation follows a modified AES approach, embrggthe jump displacement
evolution within a bifurcated hexahedral element resp@#is€reviously, for geomaterials,
this approach was developed for two-dimensional, plaransproblems[[1]([B]. Although
this approach cannot resolve stress at a crack tip, it isubigaf tracking failure in ge-
omechanical scale problems (m-km) involving rock, suchuaseling construction or oil
exploration. Numerical examples in three-dimensions eélinonstrate the approach.

1 Introduction

Strong discontinuities, or cracks, naturally occur in rockler various loading conditions
[7]. We attempt to account for this form of localized defotioa within the context of plas-
ticity theory and to track the crack propagation and pofirbation constitutive response
using a modified AES implementation. Details on plasticityd@ls with strong discontinu-
ity (displacement jumps) and their numerical implementatre given in previous papers
[6] [1] [B] and will not be repeated here. The formulation lnistpaper is restricted to small
deformations.

2 Post-bhifurcation model

Upon detecting the stress state at which a strong discatytimode of deformation is ad-
missible in a body (cf[J2]15]), a post-bifurcation constive model is activated. In general,



such a model takes the following form for a discontinuityface with unit normak: and

tangentt
traction : T=[T,T]; T, =n-o-n, Ty=t-0c-n 1)

displacement : @ =40G(T,q)/0T (2)
yield function:  F(T,q) =0 (3)
evolution equations : q=+h 4)

whereT is the traction vector with normdl,, and tangentiall; componentsg is stress,
w IS the jump velocity;¥ is a plasticity consistency parametét,is the plastic potential
function, q is a vector of internal variabled; is the yield function, andh is a vector of
hardening/softening functions.

We choose to implement this model using a modified AES appraathough this model
is not limited to this numerical implementation (cfl [4]).

3 Modified AES implementation

A modified AES implementation was developed for the bilingaadrilateral elemenk]1]

[3] and for the trilinear hexahedral elemenl [4]. A standAESS implementation was used
for a constant strain tetrahedrdr [8]. In the modified AESIenmgentation, the enhanced
strain variation is chosen to represent the post-bifuroagivolution equation in weak form
(cf. [1] for details). This leads to a more robust numericatihod and a physical account
of the traction-displacement relationship along the disicaiity within the enhanced finite

element. The stress at timg, 1 is written as[[1] [3]

Ony1 = o — D-G°AC¢ in Qf./S° (5)

where D is the elasticity matrix A€ is the jump displacement over an increment in time
within elemente, )}, . denotes a localized region for elemenand S¢ its discontinuity
surface, and the regular part of the enhanced strain dexplaat matrixG® is

G° = (m* V[ (6)

wherem* is the direction of the jump displacement, is a spatial gradient operator, and
(e)* denotes symmetric part. For the enhanced strain hexahedmneed to determine
how to construct the enhancement functjtn Details from [4] are repeated here. Figlle 1
shows the five different cutting plane conditions for thedteedron. FigurEl2 demonstrates
how to determine whether a node is active in terms of constigig ©, which then may be
constructed as

Nactive Nactive

fi@) = Y NB(); Vf(x) = ) VNS 7
B=1 B=1

whereN B () is the trilinear shape function at nodz



Figure 1: Enhanced strain hexahedron with slip plane stgpfise possible slip-plane cut-
ting conditions[[4].

Figure 2: Determining active nodes:xif- (x4 — z*) > 0 then nodeA is active wherec?
is the location of nodel andx? is the location of a point on the slip plane with unit normal
n [4].
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Summary

Future numerical examples will demonstrate the capahilitthe embedded discontinuity,
modified AES hexahedron to model post-bifurcation constturesponse in rock in three-
dimensions.
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