Available online at www.sciencedirect.com
Computer methods

sc:ence@mnecr@ in applied

mechanics and
engineering

ELSEVIER Comput. Methods Appl. Mech. Engrg. 193 (2004) 2987-3014

www.elsevier.com/locate/cma

Theoretical and computational issues in modelling
material failure in strong discontinuity scenarios

J. Oliver **, A.E. Huespe °

& E.T.S. Enginyers de Camins, Canals i Ports, Technical University of Catalonia (UPC), Campus Nord UPC (modul C-1),
Jordi Girona 3, 08034 Barcelona, Spain
® CIMECICONICET-UNL, Santa Fe, Argentina

Received 5 March 2003; received in revised form 15 July 2003; accepted 26 August 2003

Abstract

The paper deals with several aspects related to numerical modelling of material failure in strong discontinuity
settings: (a) the onset and development of local material failure in terms of continuum constitutive models equipped
with strain softening. Closed forms formulas for the solutions of the discontinuous material bifurcation problem are
given for a class of those models; (b) finite elements with embedded discontinuities: nodal and elemental enrichments
families are formulated in the continuum strong discontinuity approach (CSDA); (c) instability treatment: a discrete
viscous perturbation method at the failure surfaces is presented as a way to substantially improve the robustness of the
numerical simulations.
© 2004 Elsevier B.V. All rights reserved.
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1. Motivation

Material failure has been traditionally characterized by means of local concepts. In early stages, tech-
niques and methodologies to detect and prevent material failure were grounded on the development of
material failure indicators that provided safe limits to the range of stable structural behavior. Onset of
inelasticity or loss of strong ellipticity have been classical failure indicators to characterize the beginning
of more complex material behaviors that lead to the progressive softening of the structural response and,
eventually, to the structural collapse. The most conservative methodologies were based on identifying the
load level that activates, for the first time, those failure indicators at any of the material points of the
structure as the critical load level or failure load, from which the design should move away through
appropriate safety factors. However, it is nowadays very well known that, in ductile materials, loss of
elasticity does not mean immediate local failure as material hardening follows. Most important, in many
cases local material failure does not imply global structural failure since relevant zones of the structure must
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fail locally before the structural failure (structural instability) can be observed. On the other hand the
concept of critical load, as responsible for the structural instability, is relative to the loading pattern. Indeed,
a limit point of the equilibrium path under prescribed load can became a stable point upon displacement
control and make physically attainable postcritical states unreachable under load control. These facts have
placed the present attention of material failure mechanics beyond the limits of the elastic range and the
initiation of local failure. In fact, the aim of modern material failure mechanics is to identify as closely as
possible the actual mechanisms of structural failure and to model the postcritical structural behavior.

It is also a well-accepted fact that global material failure under quasi-static loads for ductile and quasi-
brittle materials is characterized, from a macroscopical point of view, by the onset and propagation of
failure lines (in 2D) or failure surfaces (in 3D). Local failure at a material point (or at a discrete set of points)
propagates through the body along those failure surfaces, which are termed cracks, fractures, shear bands,
or slip lines depending on the context. In many cases, the mechanism of formation of those failure locus can
be explained as an initial local failure process followed by the concentration of the strains in a narrow band
responsible for an increasing dissipation, which eventually collapses into a physically observable failure
surface that propagates exhibiting a discontinuity in the displacement field. These displacement disconti-
nuities will be from now on termed strong discontinuities and an approach to capture and to model them in
a continuum (Continuum Mechanics) setting has been presented in detail elsewhere [19].

In this paper several theoretical and numerical aspects in modelling material failure in strong discon-
tinuity settings are addressed. After a brief introduction of a strong discontinuity scenario in Section 2, the
material bifurcation problem is tackled in Section 3 and an incursion is made into analytical, exact and
approximated, solutions of that problem for a class of constitutive models often considered for geomate-
rials failure modelling. In Section 4 finite elements with embedded discontinuities are explored and two
families of enrichments of standard elements to capture strong discontinuities are described. In Section 5
the issue of uniqueness is addressed. A discrete viscous perturbation method to assure algorithmic
uniqueness of the solution, a crucial fact to give robustness to the simulation, is presented. Finally, in
Section 6 some representative numerical simulations are carried out to highlight the most important fea-
tures of the presented approach.

2. Strong discontinuity scenario

In the last years the so-called strong discontinuity approach to material failure has been object of
increasing attention. Here we consider an specific version faithful to the spirit of the pioneering work [33]
and subsequently developed in [19-26]. It has been termed the continuum strong discontinuity approach
(CSDA) since it features a continuum format even for purposes of modelling displacement discontinuities.
The distinctive features of this approach, compared to alternative procedures that do not keep that con-
tinuum format [1,2,12,34] have been pointed out elsewhere [24-26] and its main ingredients (that are ex-
plored in detail in [21]) can be summarized as follows:

1. The use of a continuum format for the kinematics, i.e.: the strains g(x, ¢) are computed as the symmetric
gradient (V°u) of the displacement field u(x, ), even as it exhibits jumps across the failure path and,
therefore, becomes unbounded (see Fig. 1). The displacement and strain fields read:

u(x, 7) = u(x, 1) + Hs[[u]](x, 1), (la)
g(x,t) = Viu = Tt ds([[u]] ® n)*, (1b)

regular singul
(botinded)  (, SEENEq)
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Fig. 1. Strong discontinuity kinematics: (a) initial and actual configurations of body €; (b) displacement field; (c) strain field along the
curve I'.

where Hg and Jg stand, respectively, for the line/surface Heaviside’s step function and Dirac’s delta
function placed at the discontinuity interface S in the body ©, u is the regular (continuous) displacement
field, [[u]] is the displacement jump and n is the unit normal to the failure interface S. This is known in the
literature as the strong discontinuity kinematics [33].

2. Consideration of continuum (stress—strain) nonlinear constitutive equations equipped with strain soften-
ing, i.e.,

6= Z(s,cx; H), (2)

where a and # < 0 stand, respectively, for the internal variables and the continuum softening modulus
that rules the evolution of the elastic domain respectively. The rate version of Eq. (2) reads

6 =E™(¢,0; #) : &, (3)

where E" is the tangent constitutive tensor.
3. The distributional character of the inverse of the continuum softening modulus # in terms of the discrete
softening modulus J#, i.e.,

1 1
=55 @

Regularized versions (more suitable for computational treatments) of Egs. (1) and (4) are obtained via a
k-regularized sequence of Dirac’s delta functions:

35(x) = lim 15 (x) . ()

where p is the collocation function on S (ug(x) =1 for x € S and pg(x) = 0 otherwise) and £ is a
regularization parameter as small as permitted by the machine precision. In this context Eq. (4) turns out
to be the so-called softening modulus regularization condition [21]:

H(X) = kA VxES. (6)

The discrete softening modulus # in Eq. (6) can be related to material properties as the fracture energy
Gy, Young’s modulus £ and the uniaxial peak stress o, typically for linear softening:
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= —~ 2 (7)

which qualifies # as an actual material property from which the continuum softening parameter # at

the failure interface can be obtained via Eq. (6).

In this context it can be shown [21] that:

(a) Eq. (4) (or its regularized counterpart (6)) makes compatible, for the constitutive equation (2),
bounded values of the stresses ¢ with the unbounded strains &5 emerging from Eq. (1) at the failure
surface S.

(b) As the strong discontinuity kinematics (1) is activated, the original continuum constitutive equation
(2) is projected into a discrete constitutive model (relating the traction at the failure interface
7 = 65 -n with the displacement jump [[u]]) that is automatically fulfilled at that failure interface
[21], i.e.,

T =7 ([[u]), #). (8)

Eq. (8) provides a clear link with the nonlinear decohesive Fracture Mechanics [11] while keeping the
continuum format of the analysis.

4. Boundedness of the stress (and rate of stress) field and the traction-separation law (8) can only be
achieved at the strong discontinuity regime if some restrictions on the stress field o5 at the discontinuity
interface are fulfilled. These restrictions depend on the type of the parent constitutive model but they can
be generally written in a local orthonormal system {€é; =n,&,,é;} as

lim | 29(%s:%5)

L +e (a5,05)| =0, i,j€{2,3}, 9)

where G(a3, 05) stands for the complementary Gibbs energy, a5 and oy are the stresses and the strain-like
internal variables, respectively, at the discontinuity interface and & are the inelastic strains. More
details on derivation of the strong discontinuity conditions (9) and their explicit form for particular
models can be found in [26]. Although they are not derived under this goal, the role of Eq. (9) is to set a
particular dependence of the stress tensor 65 on the traction vector 7 :

o5 = 2s(T) (10)

this being ultimately responsible for the aforementioned projection of the continuum model (2) into the
discrete one (8).

5. Since Egs. (9) are not generally fulfilled, for a particular material point, at the onset of the material fail-
ure, a smooth transition to fulfillment of those conditions can be achieved by introducing a variable
bandwidth model that characterizes a strong discontinuity as the ultimate collapse of a weak disconti-
nuity (2 = k — 0) [24]. In physical terms, the dissipation phenomena taking place during that transition
match the Fracture Process Zone concept in Fracture Mechanics [6,14].

3. Onset and propagation of failure—closed form material bifurcation solutions

Discontinuous bifurcation analyses [28,30,35] provide a rigorous methodology to detect the onset of
failure, in a given material point, as the loss of strong ellipticity of the tangent constitutive operator E™"¢,
resulting in a local bifurcation of the stress—strain field. That bifurcation can be characterized in terms of
the singularity of the so-called localization tensor:

Q" (x,n, #,1) = n- E*(a(x, 1), #) - n. (11)
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Therefore the bifurcation time #, that triggers the discontinuous kinematics (1), is determined as the first
time that the following condition is fulfilled for some n:

det[Q"(n, #, 15)] = 0. (12)

Eq. (12) implicitly defines, at the bifurcation time and for the given material point, the value of the soft-
ening modulus »# = H(n) as a function of the directions n fulfilling that equation. Then the critical value of
the softening modulus " and the (normal to the) propagation direction n°* are determined by imposing
A to be a maximum:

crit

n“™" = arg[max H(n)], (13a)

[n|=1

%crit —_ H(ncrit). (13b)

In the context of modelling of material failure, Egs. (13) can be solved numerically by a local maximization
process [27]. However, for large problems, specially for 3D cases, this involves a large computational cost.
For 2D (plane stress—plane strain) cases those equations have been very often solved by analytical pro-
cedures for particular families of continuum constitutive equations (plasticity, damage etc.). In [35] a
geometrical interpretation of Egs. (13), for a particular two-invariant parabolic plasticity model, invoked
an appealing geometrical interpretation to solve those equations in Mohr’s circle space. In the following
sections a generalization of that methodology, through a similar but slightly different geometrical inter-
pretation, provides closed form 3D solutions of the material bifurcation problem for a wider class of
constitutive models.

3.1. A class of tangent constitutive operators

Let us consider the class of constitutive models characterized by tangent constitutive operators, E®"¢, of
the form:
1
Etang — E* ——P®R,
S(A) (14)
6 =E"¢ ¢
where E* is a fourth-order tensor, P and R are second-order symmetric tensors and &(#) a scalar function
of the softening modulus 5. The following conditions are required to those entities:

(1) The structure of E* is such that its n-projection Q™ (n) LT h . E* - nis the following:

[Q"(n)] ™" = —an@n+ b1, (15a)

a>0; b>0;, b—a>0. (15b)

(2) P and R are collinear and P - R is positive semi-definite. Therefore P, R and P - R diagonalize in the
same basis and eigenvalues of P (p;, p», p3) and eigenvalues of R (v, 7, r3) fulfill:
pir =0 = sign(p)) = sign(r),
D =0 = sign(p) = sign(r,), (16)
par; =0 = sign(ps) = sign(r;).

(3) &(A) = 0 is the so-called generalized plastic modulus, a monotonous increasing function of the soften-
ing modulus #.
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Remark 1. For the particular case of E* = E = A1 ® 1 + 2ul (the standard isotropic elastic constitutive
tensor, where A and p are Lame’s parameters and 1 and I are, respectively, the unit second- and fourth-
order tensors) after some algebraic manipulations it turns out that

11 1
= = — 1
“=3i-we 'To (17)

where v is Poisson’s ratio and G = u the shear modulus.

Condition (2) allows to define

S ¢ sign(P)V'P - R = sign(R)VR - P (18)

no sum

—_—
as a symmetric second-order tensor with real eigenvalues sy,s,,s3 (s; = sign(p;)/p;7;) and orthonormal
eigenvectors §1,$,,8;. For the associative case (P = R) it turns out that S =P = R.
A variety of standard continuum dissipative constitutive models can be inserted in the previous class. As
a matter of example in the following table values of the above entities for two families (elasto-plastic and
damage [21]) of isotropic constitutive models are given:

Elasto-plastic models Isotropic damage models
E E (1—d)E
P E:m G=E:¢
(m = 3,Y(s)) '
E:m = _F.
R (m = 8,$(c)) a=E:¢ l
() # +m-E-m Pl —d(r)—#)”
| 1 1
a 2(1—)G 1-d 2(1-v)G
b 1 11
G 1-d G

(19)
where ¢ and s are, respectively, the yield and the plastic potential functions in plasticity models and
d(r) € [0, 1] is the damage variable in terms of the internal variable r.

3.2. Geometric and closed form solutions

For the class of the tangent constitutive operators defined in Section 3.1 it can be shown, after some
algebraic manipulation, that Eq. (12) is equivalent to [35]:

E(H) —n-P-Q"' ‘R-n= EA)—[bn-P-R-n—am-P-n)(n-R-n)]=0 (20a)

=&A)=bn-P-R-n)—a(n-P-n)(n-R-n), (20b)

where Eqgs. (11), (14) and (15) have been considered. In view of condition (3), the maximum value of

A = A#*" in Eq. (13b) will correspond to the maximum value of ¢ = & in Eq. (20b). Now, let us consider
the following statements:

n-(P-R):n=n-(P-R)-n=(@m-S)-(S-n), (21a)
~——

S’=Ss

(m-P-n)(n-R-n) = (n-S-n)’, (21b)
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where Eq. (18) has been considered. It can be shown that the right- and left-hand-side terms of statement
(210b) differ as the arithmetic and geometrical averages of couples [|pir;|, |p;r:|] (i # j) do (see Appendix A).
Now substituting Egs. (21) into Eq. (20b) reads

EA)=bn-P-R-n)—am-P-n)(n-R-n)=H(n-S)-(S-n) —a(n-S-n)z, (22a)
Z(n)
Zm) & pmn-S)-(S-n)—an-S-n). (22b)
In view of Egs. (22) one can state that
n“" = arg[max Z(n)], (23a)
|n|=1
écrit(%crit) — Z(ncrit) (23b)

provides an approximation for the solution " in the original equation (13).

Remark 2. For the associative case (P = R = S) Eq. (22a) becomes an equality and solutions of problems
(23) and (13) coincide (see Appendix A). In this case, the derivations below and the obtained values for
A" and n°", in Eqs. (27)—~(29), are exact.

Eq. (23) admits a simple geometrical solution, in Mohr’s circle plane (o—7) associated to the symmetric
second-order tensor S, by defining (see Fig. 2)

o(n)=n-S-n, (24a)
©?(m)=(-S)-(S-n) -’ (24b)
In that plane, Eq. (22b) reads in terms of the (6—1) coordinates:
Z=bm-S)-(S-n)—a(n-S-n)’=(h-a)c*+_b *>0 (25)
| —_——— —— ~~
o2+12 a2 =0 =0
20 T (=(n *S)(Sen)-(n+S+n T Feasible zone
(crv~0) (= +S)S = ) Localization
ellipse (% +T)
i >/
= G
Outer Mohr's o2 S2 St
circle \\/ﬂ R
21>2,> 24 2/ (b-a) (a-1)
(a) (b)  R=ZE
S1+S3

Fig. 2. Closed form material bifurcation solution: (a) localization ellipses in Mohr’s space; (b) geometric solution; (c) direction of ncrit
in the space of eigenvectors of S.



2994 J. Oliver, A.E. Huespe | Comput. Methods Appl. Mech. Engrg. 193 (2004) 2987-3014

which can be rewritten as

a T
zt7=1 (26)
b—a b

Eq. (26) defines in Mohr’s plane an ellipse featuring the following properties (see Fig. 2a):

e The center of the ellipse is (0,0).

e The ellipse semi-axes are ﬁ and % Therefore, the aspect ratio (shape) of the ellipse, defined as the ratio of
both semi-axes, is ;2 (depending only on the material properties a and b) and therefore it is independent
of Z.

e The size of the ellipse (defined by the semi-axes values) is proportional to the value of Z.

Consequently, decreasing values of Z will define concentric smaller and smaller ellipses as it is shown in
Fig. 2a. Solutions of the bifurcation problem shall lie in the intersection of the ellipse with the feasible zone
inside Mohr’s circles area. Solutions corresponding to the highest value of Z and, therefore, to the highest
(critical) values of &™ and #“™ in Eq. (23b) will be obtained for the tangent ellipse to the outer Mohr’s’
circle in Fig. 2b. After some algebraic manipulations, n* can be solved as (see Appendix B)

n°it = cos 6§, 4 sin 6's;,
tan? ecrit — (1 — 2a/b)sl + 53 ) (27)
(I =2a/b)s; + s
Egs. (27) provide (in general two) closed form solutions for n® (see Fig. 2c). As for #"*, Eq. (23b) yields

et ety — zent _ b{(sl ES3)2 N <§ B 1) (Sl —;S3 )2} (28)

which can be solved for " for every specific model. As a matter of example explicit solutions for the
constitutive models considered in Eq. (19) are given in the following table:

Elasto-plastic models Isotropic damage models
1 11
a G 1-dG
1 1
a/b 2(1-v) 2(1-v)
S e=sign(m: E)ym:E-E:m 6 = E : g (effective stresses)
{81,%2,8:} {é1,e, 6} (81,8, 8)
(Eigenvectors of S) (Eigenvectors of e) (Eigenvectors of ¢ or &)
{s1 =82 = 53} {e1 = e > e3} {61 =, = 63}
(Eigenvalues of S) (Eigenvalues of e) (Eigenvalues of &)
- (1= v)(er +e3) = 2e1e3) 11— )31 + 63)° — 26153]
i " 2
Wcrit A ‘ + E [e] +e+ 63] (l _ d) _ r2/Zcrit
—Feft+e+e)
cri 33_["/(1_")]‘31 0<— M
tan? 6" N = e/ (1-v)es

(29)
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4. Finite element modelling

Computational modelling of strong discontinuities has been object of increasing development during the
last years [1,7,13,15,16,25,32]. In the finite element context, specific elements to capture displacement jumps
by means of enriching deformation modes seem to be the best available option. This technology consists
essentially of adding, to standard continuum finite elements, enriching deformation modes, controlled by
additional degrees of freedom. The resulting elements capture displacement discontinuities placed anywhere
inside them and have been termed finite elements with embedded discontinuities. Then, depending on the
support of those additional displacement modes they can be split up into two families:

1. Nodal enrichment (see for instance [13,17,34]). The support of the enriching discontinuous mode is (in
most cases) the same than for the nodal shape functions of the underlying element (see Fig. 3a). The reg-
ular nodes of the enriched set of elements are increased with additional degrees of freedom (two per node
in 2D cases, three node in 3D cases) whose interpolation provides a, varying inside the element, discon-
tinuous displacement field.

2. Elemental enrichment (see for instance [3,10,18,20,25,29]). The support of the enriching discontinuity
mode is elemental (see Fig. 3b) and, in consequence, the additional internal discontinuous degrees of

Nodal enrichment Elemental enrichment

Q,

(a) -

Enriching modes

(b)

Node 1 enriching
Failure line mode (V7)

Sampling points

(©)

Specific integration rule m Q\S Sampling points  Standard sampling

for evaluating N; terms in QO points of the

* 5 sampling point underlying element

Fig. 3. Finite elements with embedded discontinuities: nodal vs. elemental enriching techniques; (a) enriched nodes and elements;
(b) enhanced shape functions and support; (c) sampling points for numerical integration.
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freedom (two per element in 2D cases and three per element in 3D cases) can be condensed at the ele-
mental level. The displacement jump is element-wise constant.

In the following sections those finite elements are described.
4.1. Boundary value problem

The boundary value continuum problem for a strong discontinuity propagating in a body Q along a
failure surface . of normal n, that splits Q into the domains Q" and Q™ (see Fig. 4), reads (in rate form):

FIND: { ﬁ(.x, 2 satisfying:
[[u](x, 7)

V-6+b=0 in Q\¥ (internal equilibrium), (30a)
u=u on I', (imposed displacements), (30Db)
[u]] =0

6-v=t onT, (external equilibrium), (30c)
6o--n—6o--n=0 on .9 (outer traction continuity), (30d)
6s-n—ao--n=0 on ¥ (inner traction continuity), (30e)

=:[[6]]sn
where o = X(¢) are the stresses returned by the constitutive model in terms of the strains:

&(@, [[u]]) = V*(u + HsV*[[u]]) = V*a + HsV*([u]] + o5([[u]] @ n)*, (31)

b(x, ¢) are the body forces, u* are the prescribed displacements and t* the prescribed traction at the external
boundaries I'yand I'y (I', NIy, =0, T, UT', = 0Q). In Eq. (30) v is the outwards normal to 0Q2 and 64+, 6
and a5 stand for the stresses in Q", @~ and ., respectively.

4.2. Nodal enrichment: symmetric formulation

Let us consider the following variational problem:

GIVEN:
V= =+ Hsil's 0,10° € [H'(Q)"" 7’|, =07l =0}, (32a)
7= A’ =0+ Ha's 00" € [H Q" 7|, =0 1°|, = 0}. (32b)

Fig. 4. Failure surface & propagating in a body Q: (a) boundary value problem; (b) unit jump function .#.
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FIND:
e, u=a+ Hl[u] (33)
SUCH THAT:
/VSnO:(rdQ— Uno-bdgjL/ no-i*df} =0 vy’ ey, (34)
Q Q FO’

where ng, stands for the dimension of the problem (n4;,, = 2 for 2D and ng;,, = 3 for 3D). It can be readily
shown that the Euler-Lagrange equations of variational equation (34) are the ones defining the BVP (30).
Eq. (34) is the starting point for the nodal-based enriching formulation. The spatial discretization of the
displacement fields u and # in Egs. (32) and (33) reads:

1=MNnode i=Nenr 1=MNnode i=nNenr

4 = N; (i,— N:Hg ',~ = ]\]ldl N,'*'ia 35
i = 3NN+ DA = 35N+ 3N (350)
Ni Vv vV

(NKd} IN"I{B}
OSSP SR (350)
i=1 i=1
() = NI} + INER): N () = N (), (359
@) = @by (B = (e B (354)

where 7,04. stands for the number of nodes of the finite element mesh, N;(x) are the shape functions of the
parent, standard, element and d; are the regular nodal displacements. Also in Eq. (35) f; are additional
nodal degrees of freedom such that the enriching modes N7, capture the displacements jumps in an in-
terelemental continuous way (see Fig. 3b) and ng,, is the number of nodal points where the enrichment is
activated. In Eqs. (35¢) and (35d) {e} and [e] stand for vector and matrix components, respectively of the
entity (e).

In order to fulfill condition #°| r, = 0 in Egs. (32) the enriching degrees of freedom B; have to be pre-
scribed to zero at those nodes whose support (surrounding elements) contain points of I',. As for the
discretized strain field & it yields from Eq. (35a):

i=Nnode . =Nenr . .
Px)=vix )= (WWed)+> (Nohmep) +Hs(VN; @ )}, (36)
i=1

i=1

(B){d} [Gl{B}

where 5§ stand for the k-regularized Dirac’s delta function placed at the failure interface S (see Eq. (5)). In
matrix (Voigt’s) notation, Eq. (35) reads:

{&'} = [BJ{d} + [G]{B}, (37)

where [B] stands for the standard deformation matrix [36] and the structure of the additional matrix [G]
comes out directly from Eq. (36). Substitution of Eq. (37) into the discrete form of the variational equation
(34) leads to the linearized discretized problem:
JolB"[9]Bld2 [, [B]"(7G] d@ {1 {5) 50
Jo[GI'[Z]B]d2 [, [G]'[Z][G]dQ | | B £y
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{ fq } _J Ja [N]T{l:’} dQ+ [, IN'{t'}dr
f; JoINT{b}dQ + [, [N {t'}dr [

where [Z] is the matrix counterpart of the tangent constitutive tensor E*" in Eq. (14) ruling the incremental
constitutive equation in Voigt’s notation: {¢"} = [Z]{&"}.

(38b)

Remark 3. The appearance of the regularized Dirac’s delta function in Eq. (36) requires additional
sampling points inside the elements to evaluate its contribution to Egs. (38) (see [20] for more details).
Also terms N;Hs and HsV*(N;) in Egs. (35) and (36) are discontinuous inside the element, which
requires specific integration rules at every side QF and QF of any enriched element, and knowledge of
the exact position of the failure surface inside the elements. The algorithms devised to determine
that position are termed tracking algorithms and some alternatives on this subject are presented in
[26].

4.3. Elemental enrichment: non-symmetric formulation

Let us consider the domain € crossed by the failure surface and a subdomain 2, containing S and such
that Q, N T, = {0}. Let us also define a unit jump function .#4s (see Fig. 4b) as

50 = Hlx) - 0, (9 1@y = { 209 =) NER N (39)

exhibiting a unit jump across the failure surface S. Let us now consider the following variational problem:

GIVEN:

V= {n =+ Msit; € [H'(Q)'™ § € Ly(S) i, =0}, (40a)
7= {0 € [H Q) i, = 0}. (40b)
FIND:
ue v, =+ ] (41)
SUCH THAT:

=0 vi"er. (42)

/VSi,O;z;dQ— / ﬁ°~bd9+/ﬁ°~t*dr
Q\S Q\S I's

Remark 4. It can be readily checked that any element of the solution space 7, in Eq. (40a) can be cast into
the original format of Eq. (1a).

Due to the difference between the functional spaces ¥ 2 and 7~ (ﬁ) in Egs. (32b) and (40b) now the Euler—
Lagrange equations of the variational form (42) are only Egs. (30a)—(30d). Therefore, the inner traction
continuity equation (30¢) has to be imposed independently of the variational statement (42). This can be
done in weak form through:
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The discrete version of u(x, ), 7°(x,¢) and #(x, ¢) in Egs. (40) and (41) reads:

Wi = Y M0+ Y A5F), (40)
[N]{d} [#){B}
k0= 5 N0+ Y A5, (44b)
i=1 —~~ e=1
i) = (NJ{d) + LBy A5 = HE(X) — o, (440)
{d} = [dla cee ’dnnode]T; {ﬂ} = [Blv s 7Bnem]Tv (44d)

where 7, 18 the number of enriched elements and .#¢(x) is the so-called elemental unit jump function:

p°(x) =0 WxeQ \Q

50 = Hs(x) - o0, o9 e = { 00 7Y R )

with elemental support as shown in Fig. 3b. The term %g(x)ﬁe(t) provides the enriching elemental mode
where B¢ stands for the elemental displacement jump. As for the discretized strain field & it yields from Eqs.
(44a) and (45):

=Hnode €=Nenr

Px, ) =vVi'(x, )= Y (VN®d) + > [5nep) - (Vo' @ p)°), (46)

i=1 e=1

(BJ{d} [GI{B}

where 5’; stands for the k-regularized Dirac’s delta function shifted to the failure surface S (see Eq. (5)). In
matrix notation, Eq. (46) reads

{#'} = [B{d} + [G]{B}, (47)
where the format of matrices [B] and [G] comes readily out from Eq. (46).

As for the inner traction continuity enforced by Eq. (43) 65 - n and 6o\ - n can be approximated by its
average values inside every element, i.e.:

. 1 . e . * e * e
O'S'n|xeS"%F/S,o-(8S>'n dSZO’S(XS(‘)'na Xge S
L (48)

. 1 . e . * * e
Go\s *Mycge ~ Ve /Q 6(g0\5) -n°dQ = 60\5(Xge) - N, Xp € Q°,

where V¢ = measure(Q°), /° = measure(S¢) and xj,. and x§. are those points at the interior of Q° and §°
where the mean values of 6(sqs) and 6(&s), respectively, are reached. For practical purposes they are
two additional sampling points sharing the same geometrical position, at the centroid of the element, see
Fig. 3c.

In this context, the discretized version of 5 in Eq. (43) yields:

i) = 3 i 7= {8 NEE (492)
—_———



3000 J. Oliver, A.E. Huespe | Comput. Methods Appl. Mech. Engrg. 193 (2004) 2987-3014

() = 1, (%))W, — o, (/W ] (49b)

'y =6 ny; {ay =M., (49¢)
where Ky, (x) and Ky, (x) are collocation functions at the sampling points x§. and X, respectively (i, (x) =
1 for x =y and p,(x) = 0 otherwise) and Wy, and W,. are the integration weights at the additional sam-
pling points.

Substitution of Egs. (46)—(48) into the discrete form of the integral equations (42) and (43) leads to the

linearized problem:
d fy
. = 50
i 50

J.BI'[Z]Blde [, [B]'[Z][G]d@
- / IN"{b} dQ + / INJ"{E°) ds. (50b)

Jo[6T'ZIBldQ  [,[GT'[Z][G]dQ

Notice that, from their definition in Egs. (46) and (49), matrices [G] and [G"] are different and the resulting
formulation is non-symmetric, as one should expect from the Petrov—Galerkin character of the original
problem in Eqgs. (40)-(43).

Remark 5. Determination of the elemental unit jump function in Eq. (45) (see Fig. 3a) requires, to some
extent, knowledge of the position of the failure surface S in every enriched element. Thus, like in the nodal
enrichment case, this fact requires resorting to tracking algorithms for determination of that position (see
Remark 3).

Remark 6. As for the integration rule, the weight of the additional sampling points in X and Xj. (Wy:, and
W, respectively) should be made very small and, thus, their contribution made negligible except for
imposing Eq. (30e) through (43). Therefore, they can be incorporated to all elements, even to those non-
enriched. In this sense, and unlike the nodal enrichment case in Section 4.2, distinction, in terms of the
integration rule, between elements in and out the enriched domain is not necessary.

5. Instability issues: loss of uniqueness

It is a very well-known fact in failure mechanics that material softening is responsible for unstable
structural behavior [4,5]. For purposes of numerical modelling of the postcritical structural behavior, some
of those instabilities, like limit or turning points, depend on the load pattern, and the response can be easily
traced by resorting to appropriate continuation methods [9]. More difficulties are found in presence of
bifurcation points (loss of uniqueness) which require detection and continuation through appropriate
branch-switching methods. This situation, which can appear even when a unique failure surface is modelled,
worsens as multiple failure surfaces, interacting with each other and capable to arrest and activate, are
tackled.

A possible way to get rid of the difficulties posed by bifurcation points in material instability simu-
lations is to resort to unfolding techniques. Those techniques are based on introducing perturbations to
unfold and smooth the different equilibrium paths emanating from a bifurcation point in such a way
that the unique stable path remains continuous (see Fig. 5) and, therefore, it can be theoretically traced
as an approximation to the physical equilibrium path. The success of such methodology relies on two
facts:
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e The size of the perturbation should be small enough as to keep the physical sense of the numerical re-

sponse.

e The type of perturbation has to unfold the appropriate branch among the ones emanating from the

bifurcation point.

In this section a methodology to unfold bifurcations in continuum material failure, by introducing a
viscous perturbation into the failure surfaces, and their beneficial effects on the robustness of the numerical

simulation is tackled.
5.1. Discrete viscous perturbation method

5.1.1. Nodal enrichment (variational) formulation

Let us consider the BVP in Egs. (32)-(34) now in a total format:

GIVEN:
V= {n=n+Hsi's n.q° € [H(Q)"" il =0l =u'},
= =+ il 1" € (@ ], =07
FIND:
we i u=ut Hyllu]
SUCH THAT:

/VSnO:JdQ— {/no-bdQ—i—/ no-t*df} =0 vy’ e,
Q Q I's

. =0},

(51a)

(51b)

(5lc)

(51d)

and the introduction of a perturbation in terms of a set of viscous tractions t(x, ¢) at the failure surface S of

the form:

t(X, 1) = y[[u])(x,£) VX €S,

(52)

where y > 0 (y =~ 0) is a perturbing viscosity, which is supposed to be small enough to provide a negligible
additional dissipation and to keep the inviscid character of the numerical response. The structure of the
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viscous tractions in Eq. (52) makes them active immediately after the local bifurcation time #3(x) so that
loss of ellipticity is not inhibited. Inserting those tractions into the original variational equation (51d)
(Virtual Work Principle) yields

/Vsqozo'dQ— /qo-bdQ—l—/ qo-t*dr+/n0~y[[u}] ds| =0vy’ e, (53)
Q Q T, s ~

t

and the corresponding Euler-Lagrange equations can be obtained, after standard operations, as:

V-6+b=0 in Q\ ¥ (internal equilibrium), (54a)

-v=t onl, (external equilibrium), (54b)
e perturbed

Sy M=o -m=7[i]] on¥ { outer traction continuity, (34¢)
e perturbed

Gg--n—os-n =[] on ¥ {inner traction continuity, (54d)

where it can be observed that the original traction continuity equations (30d) and (30e) are now perturbed
in Eqgs. (54¢) and (54d) by the introduced viscous term 7[[a]]. As the perturbing viscosity y tends to zero the
perturbing force (52) also tends to zero and the original problem is recovered.

However, the introduction of the viscous perturbation has relevant consequences on the uniqueness of
the problem. In fact, let us consider two possible solutions of problem (51) whose differences (-)® — ()",
in terms of the displacements, strains and stresses are:

Au(x, t) == u?(x,¢) —u(x,1), (55a)
Al (x, ) = ([ (x, 1) = @)V (x, 1), (55b)
re(x, 1) == e (x,1) — eV (x,1), (55¢)
Aa(x,t) = 6P (x,1) — 6V (x,1). (55d)

Since both are solutions of the variational equation (53) one can write:

/Vsnoza(z)dQ— [/;,O-bd9+/ no-t*dF+/n°-y[[ﬂ]]<2)dS] =0 vy'e v,
Q Q I's N

(56)
/vS;,O Lo do — [/n°~bd9+/ qo.t*dr+/q°.y[[u]]“>ds] —0 W'er?,
Q Q I's S
and subtraction of both equations reads
/VSqO : AedQ — / i’ ya[a)]dS =0 vy’ e ). (57)
Q S

Let us now assume the existence of a bifurcation time, g, in the time interval of interest, 5 € [0, 7], at which
uniqueness is lost and two branches emanate from the fundamental one featuring:

(8] (x, ) # [[a]] ) (x, 78) .
Allaf]p(x) == [[@))? (x, ) — [[]] "V (x,25) # 0 for some x € §. (58)
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Since at g the solution is still unique one can write

ro(X, 1) = A&(X, ) = Au(x,15) =0 Vx € Q. (59)
For the specific choice #° = Al[a]]z(x) € ‘//2 substitution in Eq. (57) for ¢ = g reads:
[ VSl sotx,m) 4@~ [ (o (illy(x) o[l (x)dr (60)
o — s
== [ el Par =0 = sl =0 vxes (61)

which is in contradiction with Eq. (58). Therefore, the introduction of the viscous perturbation (52) precludes
any bifurcation in terms of the displacement jump [[u]] at the failure surface S.

5.1.2. Elemental enrichment formulation
Let us now consider Eq. (43) (in total format) perturbed with the viscous traction (52):

/T] (6a\s(x,t) — 65(x,1)) -ndS + / n-y[[@]](x,¢) dS =0 Vi € L,(S), (62)
N S ——

t

in such a way that for y — 0 the original equation is recovered, and the inner traction continuity equation
(30e) is imposed in weak form. Let us consider the bifurcation time #g as Eqgs. (58) and (59) are fulfilled.
Substituting solutions (-)" and () into Eq. (62) and subtracting the results leads to

/ - (Loas(x,ts) — Aos(X,t5)) - ndS + / n-yA[U)](x,8)dS =0 Vi € Ly,(S), (63)

and for the particular choice n = A[[U]](X, t5) = A[[U]]z(X) € Ly(S) in Eq. (63)

/SVAHI'!]]B(X) - A [[u]](x) dS = /SVI\A[[ﬁ]]B(X)IIZdS =0 = Affly(x) =0 vxeS (64)
which contradicts Eq. (58). Once again the introduction of the viscous force precludes bifurcations in terms
of the displacement jump at the failure surface. This states the beneficial effects of the viscous perturbation
method in unfolding such a type of bifurcations.

5.1.3. Time discretization—critical time step

In the context of a time (or pseudo-time) advancing algorithm, since progression along the equilibrium
path in the action-response space is discrete, it is no longer possible to guarantee, for a given length of
the time step As(A¢), the uniqueness of the algorithmic response even for the unfolded (perturbed)
problem. Even if the solution at time ¢ lies on the stable branch, if the time step is too large in com-
parison with the perturbation, there might be more than one solution at time ¢+ A¢ and the iterative
solution might fall in the unstable branch (see Fig. 5). This translates into loss of convergence of the
iterative process.

However, it is possible to determine the critical length of the time step to assure algorithmic uniqueness.
Let us consider the finite element formulation based on elemental enrichment presented in Section 4.3. The
tangent matrix in the linearized system (50a) can be written as

Jos BI'[Z]B]dQ [, [B'[Z][G1dQ | g [Kdd K,ﬂ (65)
LG 2Blde  [[GT(Z]Glde |, [Ku Kyl
+At N e’

Kipad
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where [K,, /] stands for the tangent stiffness matrix at time # + Ar. In particular submatrix Kg; associated to
the enriching degrees of freedom has the following diagonal-band structure:
1
Kﬁﬁ
(Kpp] = K}, : (66)
0 .
K

where K;;ﬁ stands for a (ngim X n4im) Matrix associated to the discontinuous degrees of freedom f° of element
e. The introduction of the viscous perturbation force ts = y[[u]] (= t; = 7[[i]]) into the rate version of Eq.
(62) reads

Lﬁ~[d9\s(x,t+At) (X, 4 A1) .ndS+/S;’.y[[ﬁ]](X’t+AAt)t_ [1al}(x, 9

[[a]](x,r4Af)

dS =0 Vi€ Ly(S),

(67)

and the subsequent spatial discretization in Egs. (49) leads, after standard operations, to the following
structure of the linearized problem:

|:Kdd Kdﬁ } {(:lzmz} — { fd . } (68)
Kpa K+ (/AL | | Biyns (7/A0)B, |

- &—\,—-—/ \-—-\,——-/

(Kiyal {arsark {FHAY}

where [I~(,+A,] and {F A} stand, respectively, for the tangent stiffness matrix and incremental forces vector
for the unfolded problem. A non-unique solution at time ¢ + Af is characterized by the existence of several

solutions of Eq. (68) for the same value of F, . Therefore, the difference of both solutions
Ad, =2, —all £ 0 fulfills:
Arpar 1= A, at+At7'é uliiffs:

Keiad{Ad 2} = {0} (69)

which states the singularity of [K,.,]. Therefore, the value of Ar that guarantees positive definiteness of
[K,+A,] precludes any bifurcation. Since submatrix [K,| in Eq. (68) can be shown to be positive, an
approximate value of At = Ar"t can be obtained by imposing positive definiteness of the symmetric part of
all the diagonal submatrices [f(,;,;}e in Eq. (68) associated to the enriching degrees of freedom, i.e.,

sym([f(,;,;]e) = sym([K;ﬁ + (y/At)1,,, xndim]) — positive definite Ve € {1,..., nen} (70)
or, equivalently,
2+ S0 Vee{l,... el (71)
At
where 27, stands for the minimum eigenvalue of sym([Kf,]). From Eq. (71) the following value for Ar™
emerges:
A = min H”/e ; vee {1, nens ), (72)

where (-) stands for the ramp function. Therefore, a time step At < A"t guarantees uniqueness of the
solution at time 7 + At which shall lie on the right equilibrium path. Nearby bifurcation points, Az tends to
be small and proportional to the perturbation viscosity as pointed out in Eq. (72). At regular points of the
equilibrium path, A — oo and the length of the time step is determined by reasons other than uniqueness.
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Fig. 6. Shielding zone around a propagating failure surface.

Remark 7. In the context of the considered quasi-static problems, time ¢ is just a parameter controlling the
advance along the equilibrium path that, for practical purposes, can be substituted in the previous deri-
vation by the actual control parameter, i.e., the load parameter A*, in an incremental load advancing
method, or the arc-length parameter s, in arc-length type continuation methods. Therefore, for practical
implementation purposes At and A" in Egs. (68)—(72) must be substituted by AL*, AA™ or As, Ase
depending on the load control method (see Fig. 5).

5.1.4. Shielding zone

The finite element methodology presented above is not thought for the case of several failure surfaces
crossing each other inside the same element. However, in the numerical experiments performed by the
authors it has been, sometimes, observed during nonlinear iterations, a secondary spurious failure surface
attempting to cross one of the primary failure surfaces. This situation can result in a sort of numerical
locking and a subsequent loss of convergence. To circumvent this problem, in the numerical examples
presented below, the elements inside a shielding zone (whose width is defined by the user) around an
existing propagating failure surface can not be crossed by any external surface (see Fig. 6). This prevents the
formation of a number of spurious secondary failure surfaces, around the primary ones, that give rise to
numerical difficulties but not providing any gain in the physical insight of the problem.

6. Representative numerical simulations

In the following sections several examples illustrate the behavior of the preceding methodologies in
material failure simulation. For this purpose the following ingredients have been considered:

e An isotropic continuum damage model (see [21]) for a detailed description.

e The quadrilateral 2D finite element with an embedded discontinuity based on elemental enrichment de-
scribed in Section 4.3.

e The discrete viscous perturbation method described in Section 5.1 when necessary. The control of the
time step length based on Eq. (72) is considered as well.

6.1. Smoothing a singular sharp point
In Fig. 7 the following numerical experiment is sketched: a bar, discretized in 10 elements, is stretched by

applying a uniform set of forces at its right-hand side (see Fig. 7a). The properties of the material are shown in
the same figure, where E is Young’s modulus, v Poisson’s ratio, Gy the fracture energy and o, the peak stress.



3006 J. Oliver, A.E. Huespe | Comput. Methods Appl. Mech. Engrg. 193 (2004) 2987-3014

AP Tyrning point
(load cantrol)
=3 inviscid L+D
< E=100.MPa] 100 U
— v=0. - 1
G;=0.005[MN/m] """ Tuming point/
s ©Ou= 1.[MPa] /,//Y1 (displacement
2.m] 5 P=1[MPa] 096t % control) '/
@) s
0.94l:
0.0199 0.02  0.0201
12 M , , , , ()
Singular point
10l (inviscid case) L+D |
& | 71
]
° }: ’,'I
ot (ug,Ayq) /i 1 15 =0.45E-5[pseq]
L 0 e |y, =065 E 1ML
0.6 (uy, 2y) yooi 1 s
7] Y, = 1.30*E (§T1L)
0.4 | G=0.005[MN/m] ) 1 Y3=130%E £20)
IVisCI / S
'/ R
0.2 L AR ]
/ . 1
/ o 12 113
/ I
0 . / R . . 3[m] (b)
0 0.005 0.01 0.015 0.02 0.025

Fig. 7. Smoothing of a sharp singular point by a viscous perturbation: (a) geometric and material data; (b) load parameter vs. dis-
placement curves; (c) close up view of the peak of the curves.

At the central element, the peak stress is slightly reduced in order to trigger the material failure in that
element. In consequence, the force—displacement curve exhibits an initial elastic branch, until the peak
stress is reached at the central element, and a subsequent softening branch (see Fig. 7b). The area under the
force—displacement curve is proportional to the fracture energy. Therefore, for sufficiently small values of
G¢ the descending branch has a positive slope. Under these conditions the upper point in the equilibrium
path becomes, simultaneously, a turning point under load control L (limit point) and a turning point under
displacement control D (snap-back point). As a result, the solution at this point in terms of the state
variables x* = [u, },]T is not unique, since there are two different solutions, x; = [uy, },I]T and x} = [y, j,z]T
(see Fig. 7b). In consequence, displacement control, force control and standard arc-length continuation
methods fail to pass this sharp singular point.

Remark 8. Notice that this type of instability has a structural nature (it comes from the small value of G
with respect to the strain energy stored in the bar) and can not be attributed to the type of enrichment

(nodal or elemental) used to capture the discontinuity.

The inclusion of the viscous perturbation dramatically changes this situation. In Fig. 7b the force—
displacement curve, for decreasing values of 7y, is presented together with the theoretical inviscid (unper-

turbed) result. There it can be checked:

(1) The effect of decreasing perturbations (y — 0) making the results, as expected, converge to an inviscid
(theoretical) limit.
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(2) The benefits of the viscous perturbation on unfolding and smoothing the sharp point. This is clearly
stated in Fig. 7c showing a close up view of the peak of the curves. Increasing values of the viscosity
y move both turning points, L and D, away from each resulting in a unique solution x* = [u, /ﬂT all
along the equilibrium path. As a result the unfolded equilibrium path can be now reproduced with
no difficulties using standard arc-length procedures.

Although At — 0 as y — 0, for any y > 0 there is a corresponding critical time step that assures
algorithmic uniqueness according to Eq. (72). The smaller are the values of y the larger will be the required
number of time steps to cross the singular point, but algorithmic uniqueness is always assured for y > 0
while keeping convergence to the inviscid solution.

6.2. Unfolding a bifurcation point

The numerical example simulates the propagation of two cracks within a bulk of concrete-like material,
constrained by two infinitely rigid plates forced to open as indicated in Fig. 8a in a plane strain setting. The
considered material properties for the concrete are shown in the same figure and the finite element mesh is
displayed in Fig. 8b. Observe that the geometry, finite element mesh and loading system are perfectly
symmetric with respect to the central vertical axis of the specimen. In order to induce a perfectly symmetric
couple of cracks, two elements (labelled 1 and 2 in Fig. 8b) have a small (the same for both) perturbation on
the peak stress g,. Therefore, from the symmetry of the problem one should expect a fundamental equi-
librium path characterized by two symmetric parallel cracks developing from points 1 and 2. This is the
solution, presented in Fig. 8c, which is numerically obtained when no viscous perturbation is included. At
point A, the peak stress is simultaneously attained at elements 1 and 2 of the specimen. In addition, at the
neighborhood of point B, negative pivots in the stiffness matrix indicate the presence of a singular point.
This corresponds to a bifurcation where a secondary branch, characterized by only one propagating crack,
the other arresting, emanates. Indeed, from the structural failure point of view, this is the most interesting
failure mode since, for a real specimen, any physical perturbation breaking the theoretical symmetry would
result in that only-one-crack solution. Besides, since the total crack-length in this case is smaller, one should
expect about half the dissipation (area under the force—displacement curve) for this solution in comparison
with the previous one and, consequently, a lower peak force characterizing that one-crack-mode as the
most unsafe (critical) failure mode.

However, the round off errors are not enough to unfold that bifurcation at point B and the (inviscid)
unperturbed simulation proceeds along the fundamental branch. On the contrary, the introduction of the
viscous perturbation always results in the one-crack failure mode. This failure mode is characterized by (see
Fig. 8c):

(a) Onset of both cracks at point A of the force—displacement curve.

(b) Subsequent development of both cracks following the fundamental branch, up to point B characteriz-
ing the peak of the force—displacement curve.

(c) Bifurcation characterized by arrest (unloading) of crack 1 and propagation of crack 2. The one-crack
failure mode is triggered at point B and holds for the rest of the equilibrium path (point C in the curve).

This pattern holds independently of the value of the viscous perturbation y. As it can be checked in
Fig. 8d, the larger is y the more delayed is the bifurcation (peak point of the load—displacement curve) and
the larger is the spurious dissipation due to the viscous mechanism. However, in all cases the triggered
failure mode is the one-crack mode displayed in Fig. 8c, and convergence as y — 0, to the one-crack
inviscid solution forced by introduction of an unsymmetrical perturbation in the peak stress only in
element 2, can be observed in Fig. 8d. This secems to state that the discrete perturbation method, described
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Fig. 8. Unfolding a bifurcation point: (a) geometric and material data; (b) finite element mesh; (c) evolution of the cracks along the
equilibrium curve; (d) load vs. displacement curves; (e) close up view.

above, unfolds the bifurcation towards the less dissipative branch thus display the most critical and stable
failure mode.

As for which of the two (right- or left-hand-side) cracks gets arrested, for this perfectly symmetric case
this seems to be determined by round off errors. In the presented simulations the left-hand-side crack 1
always arrests. However, a small additional perturbation on the peak stress at point 1 is enough to revert
the crack pattern and make crack 2 arresting.

Once again the use of the critical time step length A7 in Eq. (72) assures robustness and uniqueness of
the algorithmic solution in the neighborhood of the bifurcation (peak) point.

6.3. Steel slab debonding from a concrete specimen
A tension pull test applied to a reinforced concrete specimen is analyzed in this section. This test was

inspired by a similar one presented in [31] where the axisymmetric case was considered, while in the
numerical simulation presented here the plane strain case is assumed. Besides, and due to the symmetry,
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only one fourth of the specimen is modelled. The dimensions and loads applied to the specimen are dis-
played in Fig. 9a. An only-tension-damage model [26] was used for the concrete matrix, considering the
following material properties: E, = 2.5 x 10* MPa, ¢, = 3 MPa, v. = 0.18, and G; = 25 N/m. The rein-
forcement slab was modelled as an elastic material with E; = 2.14 x 10> MPa, v, = 0.3.

The bond-slip mechanism that rules the transmission of the tangential stresses to the concrete is modeled
by a thin layer of an ideally plastic (J2 plasticity) material at the steel-concrete interface (see Fig. 9b). This
bonding material has the following properties: £, = 2.14 x 10> MPa, o,, = 3 MPa, v, = 0.3.

In order to check mesh sensitivity of the results two different finite element meshes A (coarse) and B
(fine) have been used for the numerical simulations.

Fig. 9d shows the evolution of the load P, applied at the end-face of the steel slab, vs. the displacement at
the same point. It exhibits a sharp snap-back characterizing a sudden change in the failure mode. In Fig. 9¢
a closed up view shows in detail this behavior for both meshes.

Mesh A Mesh B
¢ 0.336m 5 T
§
3P P T
A e
A S
) v
@) concrete steel slab
Plane stress model, (b)
thickness=0.031m Steel slab Bond-slip elements Concrete
Es=2.14x10®MPa  Ep=2.14x10°MPa]  Ec=25.GPa  G;=23N/m
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Fig. 9. Steel slab debonding from a concrete specimen: (a) and (b) finite element meshes; (c) evolution of the cracks along the
equilibrium curve; (d) load vs. displacement curves; (e) close up view of the snap-back zone.
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The crack pattern exhibits a large number of failure lines. Some of them, that will be termed secondary
cracks, are active during a short period of the deformation process an do not consume a relevant amount of
energy. Some others, on the contrary, remain active for a large part of the process and dissipate an
important part of the supplied energy. They will be termed primary cracks and their capture is the main goal
of the simulation since they are supposed to determine the failure mode.

Secondary transverse cracks can be observed in an initial diffuse failure stage, before the snap-back of
the equilibrium path takes place (see Fig. 9c). They initially nucleate at the end-face of the specimen but, as
the loading increases, they spread out through the total steel-concrete interface length. An initial primary
crack onsets and propagates across the concrete section, up to the complete softening of the material in that
region (see Fig. 9c). It is responsible for the subsequent loss of loading capacity and triggers the snap-back
displayed in the equilibrium path in Fig. 9d.

At this stage, the bulk of concrete is still able to hold an increasing external loading that is transmitted
through the steel slab to other sections of the concrete bulk. In fact, a subsequent loading after the snap-
back induces the propagation of a second primary crack (see Fig. 9¢) across the concrete and a severe
change in the failure mode since the first primary crack tends to unload. Once the second crack is fully
developed the concrete has no remaining strength, the steel plate is almost completely debonded and the
specimen would eventually fail by plastic yielding of the steel.

Results, in terms of failure modes and force—displacement curves (see Fig. 9d), obtained with both (fine
and coarse) meshes compare reasonably well. For the numerical simulations of this problem, the use of the
viscous perturbation method of Section 5.1 became crucial to provide smoothness to the obtained equi-
librium path and to prevent loss of uniqueness, this resulting in a robust simulation process.

7. Concluding remarks

Throughout this work some recent developments on numerical simulation of continuum material failure
have been presented. They aim at increasing the reliability and robustness of numerical modelling of
material failure in strong discontinuity settings in the following aspects:

o Characterization of the onset and propagation of local failure. There is a clear connection of loss of mate-
rial strong ellipticity with the onset of a weak discontinuity as a precursor of a strong discontinuity [22].
In this sense, singularity of the localization tensor and discontinuous bifurcation tools provide physically
grounded material failure indicators and directions of propagation of failure, which seem specially suited
for strong discontinuity settings. Closed form solutions (exact and approximated) for those indicators,
for a wide class of constitutive models used in geomaterials, and not restricted to particular (bi-dimen-
sional plane-stress, plane-strain or three-dimensional) cases have been provided. They have been success-
fully checked by the authors for several isotropic associative elasto-plastic and damage models where
those solutions are exact. Assessment of the approximated results provided by these formula for more
general constitutive models is a remaining task.

o Finite element modelling. Two alternatives, nodal and element enrichment, for finite elements with
embedded discontinuities presently available for capturing displacement discontinuities have been pre-
sented, and their formulations in a continuum strong discontinuity approach (CSDA) have been devel-
oped. Which is the most suitable, for the purposes of simulation of material failure, is still a
controversial issue out of the scope of this work. The numerical simulations presented in this work in
2D problems have been carried out using elemental enriched elements in a specific finite element code
[8]. Additional issues, like crack branching modelling, which would require some, not conceptual but
not trivial, modification of those finite element formulations, and applications to 3D problems will be
addressed in subsequent works.
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o [Instability treatment. Strain softening in continuum models is a source of severe instabilities and ill-po-
sedness of the boundary value problem. The CSDA and the entailed softening regularization procedure
contributes to the well-posedness of the problem and to get rid of most of the local instabilities [23].
However, structural uniqueness problems still remain due to the structural softening present in the prob-
lem and the failure surfaces interaction. A strategy based on a discrete viscous perturbation at the failure
surfaces, of trivial implementation, has been presented, and its performance in several examples has been
displayed. Two main benefits might be extracted from this methodology: (a) assure algorithmic unique-
ness in terms of the displacement jump, which entails a dramatic increase in the robustness of the numer-
ical simulations keeping the approximation of the results; and (b) the discrete perturbation seems to
activate the least energy consuming among the possible combinations in terms of development/arrest
of multiple failure surfaces, this providing the most unfavorable solutions in terms of material failure.
This fact has not been theoretically proved, but the experiences of the authors in a large number of
numerical simulations seem to corroborate it.
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Appendix A

Let us consider the following tensors:

i=3

P= Zpiéi ® €,
i=1
i=3

R= Zriéi ® éi,
i=1

i=3
S = Z Sign(pi),/p,-r,»é,- (Y é[
i=1

such that p;7; = 0 and, therefore, sign(p;) = sign(r;), i € {1,2,3}. Then, for a vector

i=3
n= E n;€;
=3

(n-P-n)(n-R-n)—(n-S-n)2=<[_3nfpi><[_3nr,> (l_3 (n sign(p;) P:”z))

i=3 k=3
2.2
Z (nipiry) + n;n;  (pir; + pjri)
i=1 1 S————
i< itk ok =sign (pi)|pi[sign(r;)|r)|

+sign (p;)|p;|sign(ry)ri|
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3012
i=3 5 k=3
4 2 2 .
— ) _n;sign(p)” piri — 2n;n;sign(p;)sign(p;)/pirin/pjt;
i<jik,jk
k=3
= Z ”?”,Z-Sign(Pi)Sign(Pj)(|Pf||”j| + pjlril)
k=1
i<}tk jk
k=3
. Z nl.znjz.sign(pi)sign(pj)\/p,-r,-\/ﬁ;ﬁ
k=1
i<j,ik,j#k
Lol + o) = /ol
= Y 2mmsign(p)sign(py) |2V T IP gl
k=1 arithmetic average geometric average
i<jithk.j#k
k=3
= annjz.mgn(p,»)mgn(pj)
k=1
i<jitk jk
X [average, i, — AVerage,eomlaverage, . (|pirjl, [p7il)
1 2
=3 (Ipirs| + |pjriDaveragegeom(|pirj|7 lpril) = \/ (lpirillpiril)-
If R =P, then

' =Ppis  Tj=Djs
2
average, ., = |pipj| = average,eon = |pipyl = (n-P-m)(n-R-n)—(n-S-n)" =0.

Appendix B

Equations for the ellipse and outer Mohr’s circle in Fig. 2b are:

L . o T
Localization ellipse — -tz = 1,
b—a b
(6—c) +72 =R,
Outer Mohr’s circle — s+ 53 s| — 83
c= R R = T

Since we are looking for the tangent ellipse, there will only be two solutions for the intersection of both
locus in terms of points in Mohr’s space (¢*,1*), (6%, —7*) in Fig. 2b. Solving for ¢ in the previous system

leads to the quadratic equation:

_a . 2, L2\ L

bo—l—an—l—(R—i—b c)—().
q

P r
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A unique solution for ¢ (¢ = ¢*) in this equation requires:

— 2 _ crit S1— 83 2 é_ S1 + 53 2

A=gq —4pr=0 = Z —b{( —) +(a 1)( : )] (B.la)
*f_qié crit | . critié 79 S1+ 53

o= 2p7ac = n™-S.n 7a07a< 5 ), (B.1b)

where Eq. (24a) has been considered. Since solutions (¢*,7*), (6%, —1*) lie on the outer Mohr’s circle, see
Fig. 2b, n“"* can be characterized (after some straightforward operations) in terms of the eigenvalues
(81 = 52 = 53) of the symmetric tensor S = sign(P)+v/P - R and the corresponding eigenvectors §i, §,, §3:

ncrit — cos chgl + sin ecrit§3,
(1 —2a/b)s; + s3
(1 —2a/b)s; + s

tanz ecnt —
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