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Summary. In this work, a strong embedded discontinuity approach is used to model fracture
in quasi-brittle materials. In this approach, a true discontinuous displacement field is adopted.
The discontinuities, arbitrarily located inside the finite element, are embedded in a pure dis-
crete way, which is similar to the use of interface elements. Within each parent element, the
additional displacements induced by the jumps correspond to rigid body motions. As a conse-
guence, opposite to the extended finite element method (XFEM), it is not necessary to perform
a numerical integration on each part of the parent element.

1 INTRODUCTION

The kinematics of thetrong discontinuity approacéntails the description of a discontinu-
ous displacement field across an internal boun@grynowever, in previous strong discontinuity
formulations, the displacement jumps are smeared over the entire parent élefiseatesult,
these models should not be considered within the framework of a discrete crack approach

In the extended finite element method(XFE\MA true discontinuous displacement field is
adopted; however, the concept of embedded discontinuities is no longer addressed since the
enriched nodes do not lie at the discontinuity.

Here, a pure discrete crack concept is followed such that the implementation of the strong
discontinuity formulation is much similar to the implementation of a discrete crack model using
interface elements. The most significant features may be summarized as follows: i) the internal
boundaryl 4 is embeddedh the parent element; ii) the jJumps are obtaineddditional nodes
which arelocated atl g; iii) these additional nodes can be considered eithéo@d or global;

iv) a consistent variational formulatiors adopted, which isymmetridf the constitutive ma-
trices are symmetric; v) aon-homogeneous displacement jump fislddopted within each
parent element; vi) the approximated displacement fiettissontinuousand vii) within each
parent element, the additional displacements induced by the jumps correspogid twody
motions These two last properties are characteristic of all the discrete formulations adopting
interface elements. Moreover, due to vii), tiehogonality conditiorbetween the admissible
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stress and enhanced strain spaces is fulfifeactly*. From the numerical point of view, the
consideration of rigid body motions also presents an advantage when compared to the extended
finite element method , since it is not necessary to perform a numerical integration on each part
of the parent element; in fact, in the present model, the energy evaluated in the continuum part
of the element is solely due to the elastic strain energy, whereas the energy dissipated due to
cracking is exclusively derived from the discontinuiity.

2 KINEMATICS OF A DISCONTINUITY

Consider a domaif, with boundarydQ, where a discontinuity surfadgy is supposed to
exist The total displacement field is considered as the sum of a regulad pariQ and a
discontinuous part corresponding to the displacement jjumplocalized at the discontinuity
surfacel g:

ax)+0t(x) ifxeQt
u(x) = { A0 +T-(x) ifxeQ . (1)

In equation (1){ is the additional displacement field due to the discontinuity jjonp such
that:

[uy=0"—-0- atlg. (2)
The total strain in the body is given by:
e=0u=0%+€& inQ\Ilyg, (3)

where(-)S refers to the symmetric part ¢f), the regular strain field is obtained from the con-
tinuous part of the displacement field and the enhanced strain is

~ [ Os0t(x) ifxeQTf
€ { OSt-(x) if xe Q- ()

3 FINITE ELEMENT APPROXIMATION

Consider a finite element discretisation of the 2D donfainAssume that one element is
crossed by a straight discontinuify, which dividesQ in two sub-domain®* andQ~. A
local frame §,n) is introduced such that(x) is aligned withl"y andn is the normal to the
discontinuity (fig. 1). Recall equations (1) and (2). For the sake of simplicity, assume that the
jump [u], G|, andl~|r, are linear functions df, where

[ul = [u(s(x))] = (@7 —a7)|r,. (5)

In (fig.1), wherel is neglected for clarity, the total displacement field is depicted in two different
situations: in (fig.1a) the discontinuity opens in the normal direction only, whereas in (fig.1b)
the discontinuity represents a shear band undergoing sliding displacements.
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a) tensile, normal (split) jump b) shear, tangential (slip) jump

Figure 1: Displacement jump in a four node element crossed by a discontinuity

In the example above, the additional four nodesi( andj™, j—, each pair of nodeisand j
initially coincide) are located at the intersectionlgf with the edges of the element. In matrix
form, for each finite elemerg with n nodes, the following approximation of the displacement
field is adopted:
0° = N®(x)a® in Q°\ g
6
[u]® = N [s(¥)] (W —w®") atlg ©
where N® contains the usual element shape functicafsare the nodal degrees of freedom
associated witli®, N, are the shape functions used to approximate the jyojSandw®* and
we™ are the degrees of freedom associated Wfthjre andi®|re, measured at nodés, j*
andi—, |, respectively. . .
Simo and Rifat assumed tha®" and{" areL, orthogonal, wher&" and(" are the admis-
sible stress space and the admissible enhanced strain space, respectively. As a result, the work
done by the stresses on the enhanced strains in an element is null. Applying this orthogonality
condition toQ®" andQ®-, gives
/ (O T :0%Q = [ (O0%°)T :6%Q = 0. )
Qe+ Qe-
In the present formulation, equation (7) is enforced, by imposing that the displaceiSénts
and{i® induce a null enhanced strain field:

g8 — OSTe =0inQet, & = O50® =0in Q% (8)

Consequently, the additional displacement figlis and{i®: i) must be evaluated separately
in subdomain€®" andQ® -, respectively, and ii) correspond to rigid body motions.

By means of the field approximations given in equations (6) the principle of virtual work
leads t3

K da® =dfg,, KGgweh = df\;e\;rext, Kgaw® = dffext 9)

The additional nodes can be taken as local, such as in previous embedded formulations, or
global; using the latter option, continuity of the jumps at the discontinuities across the element
boundaries is automatically enforéed
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4 CONCLUSIONS

In this work, a strong embedded discontinuity approach is presented, which fits in the frame-
work of a discrete crack approach. Similar to the discrete-interface approach, the element
crossed by a discontinuity is divided into two subdomai®8; andQ®; however, this sep-
aration involves no remeshing since these two subdomains are not considered as new elements.
The additional degrees of freedom can be adopted as local, as done in previous embedded for-
mulations, or global. In the latter case, continuity of the jumps across element boundaries is
automatically fulfilled. The additional displacements due to the displacement jump at the local-
ized discontinuity are transmitted to the regular nodes as rigid body motions; due to this fact,
the enhanced strains are null and the orthogonality condition is fulfilled exacf g §: the
admissible stress space and the admissible enhanced strain spaceréinegonal in each par-
ent element. As a result, the work done by the stresses on the enhanced strains is null. Finally,
a consistent variational formulation is used, which is symmetric if the constitutive matrixes are
symmetric.
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