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Abstract

In this paper, strong discontinuities are embedded in finite elements to describe fracture in quasi-brittle materials. A
new numerical formulation is introduced in which the displacement jumps do not need to be homogeneous within each
finite element. Both the crack path and the displacement jumps are continuous across element boundaries. This for-
mulation is compared with the discrete approach, in which interface elements are inserted to model the discontinuities,
as well as with other embedded discontinuity approaches and with the partition of unity method. Numerical results
have been obtained with relatively coarse meshes, which compare well with experimental results and with the results
obtained from analyzes with interface elements.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent works, significant effort has been undertaken to model cracks as displacement discontinuities
within a continuum. The embedded discontinuity formulations are examples of these contributions. De-
parting from the weak formulation, where discontinuities are modeled as finite width bands and the dis-
placement field remains continuous, strong embedded discontinuities were introduced, in which the
kinematics of a discontinuous displacement field is approximated. Many examples of the strong discon-
tinuity approach can be found in literature, Dvorkin et al. (1990), Klisinski et al. (1991), Simo et al. (1993),
Lotfi and Shing (1995), Armero and Garikipati (1996), Larsson and Runesson (1996), Oliver (1996a,b),
Ohlsson and Olofsson (1997), Jirasek and Zimmermann (2001a,b), Wells and Sluys (2000), Borja (2000),
Wells and Sluys (2001b), Alfaiate et al. (2001a), which are compared and discussed in Jirasek (2000).
However, in these works, constant displacement jumps are adopted within each parent finite element. As a
result, the jumps are not continuous across the element boundaries. In other approaches, like the extended
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finite element method (XFEM) and the partition of unity method (Melenk and Babuska, 1996; Duarte and
Oden, 1996; Babuska and Melenk, 1997; Moes et al., 1999; Wells and Sluys, 2001a) the possibility of in-
terpolating a field over a body using partitions of unity is explored. In the works presented in Moes et al.
(1999), Wells and Sluys (2001a) the jumps are modeled by additional global degrees of freedom located at
the standard element nodes. As a consequence, continuous jumps across element boundaries can be ob-
tained, but the concept of embedded discontinuities is no longer addressed.

In this paper, strong discontinuities are embedded in finite elements to describe fracture in quasi-brittle
materials. First, a review of the variational formulation is presented as a common basis for both the current
approach and the partition of unity method. Next, a new numerical formulation is introduced in which
the displacement jumps at the discontinuities do not need to be constant functions within each element. The
displacement jumps are approximated by additional degrees of freedom which are evaluated directly at the
discontinuity surface. Continuity of the crack path is enforced and the displacement jumps are continuous
across element boundaries. This formulation is compared with other approaches, namely the discrete one,
in which interface elements are inserted to model the discontinuities (designated by discrete-interface ap-
proach in the remainder of the paper), other embedded discontinuity approaches and the partition of unity
method. Numerical examples are presented, and the corresponding results are compared with experimental
results and with the results obtained with other discontinuity models.

2. Kinematics of a discontinuity

In this section, the kinematics of the displacement and strain fields of a continuum crossed by a dis-
continuity are reviewed. The tensor notation is adopted. A strong discontinuity is characterized by a jump
on the displacement field, localized at a surface. Consider a domain €, with boundary 0Q where a dis-
continuity surface I'q is supposed to exist (Fig. 1). External tractions are applied at part I'; of the boundary
whereas displacements are imposed on part I', of 8Q, such that I't UT', = 0Q and I''N T, = (. The total
displacement field is the sum of a continuous part on €, @, with a discontinuous part corresponding to the
displacement jump [u], localized at the discontinuity surface I'y:

u(x) = a(x) + A r,[u(x)], (1)
where S, is defined as
%”pd:de—(l—r), Oérgl, (2)
ng vt
N
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Fig. 1. Domain Q crossed by a discontinuity surface I'y.
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and H, is the Heaviside function at the discontinuity Iy,

: +
Hr :{1 if xeQ",

d

0 otherwise. (3)
Similar to the works presented in Klisinski et al. (1991), Ohlsson and Olofsson (1997), Lotfi and Shing
(1995), the scalar parameter r defines how the jump is transmitted to the the domain Q: if » = 1 the jump is
fully transmitted from Q~ to Q.

The strain field obtained from the continuous part of the displacement field is:

§=Vu in Q\ Iy, 4)
where (-)° refers to the symmetric part of (-). The total strain in the body is given by:
£ =Vou=Via+#,,(V[u]) inQ\ Iy, (5)
e=Vu=Va+ A, (V[u]) +6r,([u] ®n)° in Q, (6)
bounded unbounded

where ® denotes a dyadic product and or, is the Dirac delta-function along surface I'y. Both the dis-
placement field and the strain field are continuous in Q~ and Q%, since the unbounded term in Eq. (6)
vanishes in Q\ I'y = Q~ U Q™.

3. Variational formulation

In this section, the variational formulation is reviewed as a common basis for various discrete ap-
proaches, namely strong embedded discontinuities (Dvorkin et al., 1990; Klisinski et al., 1991; Simo et al.,
1993; Lotfi and Shing, 1995; Armero and Garikipati, 1996; Larsson and Runesson, 1996; Oliver, 1996a,b;
Ohlsson and Olofsson, 1997; Jirdsek and Zimmermann, 2001a,b; Wells and Sluys, 2000; Borja, 2000; Wells
and Sluys, 2001b; Alfaiate et al., 2001a) and the partition of unity method (Melenk and Babuska, 1996;
Duarte and Oden, 1996; Babuska and Melenk, 1997; Moes et al., 1999; Wells and Sluys, 2001a). Consider Q
the domain occupied by the body represented in Fig. 1, as described in Section 2. In the following, similar to
the works presented in Simo et al. (1993), Lotfi and Shing (1995) and Wells (2001), the extension of the
three-field Hu-Washizu variational statements (Washizu, 1982) to a body containing an internal discon-
tinuity surface is first considered. Next, the principle of virtual work extended for a cracked body will be
obtained as a particular case. In the following, (-) and (:) refer to single and double contractions, respec-
tively.

The governing field equations are imposed separately in Q \ I'y and on I'y. Together with the boundary
conditions, they can be expressed as (see Fig. 1):

V.eo+b=0 inQ\ Iy, (7)
e=Vu in Q\ Iy, (8)
c=oc(g) inQ\ Ty, 9)
u=u at/rl,, (10)
oc-n=t atl (11)
¢ -n"=t" atly, (12)
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6 -n =t atly, (13)
tt=—t =t atly, (14)

where b are the body forces and @ and t are the prescribed displacements and tractions at the boundary,
respectively. Eq. (8) is the strain displacement relation and Eq. (9) is the constitutive law. Eqgs. (12) and (13)
enforce traction continuity across the discontinuity surface I'y, where the tractions are denoted by t. As
depicted in Fig. 1, n* = —n~, is the outward normal of Q" and t* = —t~ denotes the traction vector acting
on Q*.

Egs. (7)—(13) can be defined separately in sub-domains Q and Q. Assuming that the essential boundary
conditions are satisfied (u = u at I',), the following weak form is obtained:

ou-(V-6+b)d2+ [ du-(V-6+b)d2+ | 0d0:(e—Vu)dQ+ [ d0:(s— Vu)dQ

o ot o o
/ du-(t—o-n dF+/ du-(t—o-n)dl'+ | d&:(oc—o0(g)d2+ | d¢:(oc—o(g))dQ
o ot
/6u +-n+)dr+/ Su-- (- — o -n-)dl =0, (15)
I'q

where du, 6¢ and d¢ denote compatible variations of the total displacements, strains and stresses, respec-
tively.

At this stage, it is possible to consider u, €, 6, [u] as independent unknown fields. This possibility was
explored in Lotfi and Shing (1995), where mixed finite elements were proposed to approximate the inde-
pendent unknown fields. In the adopted approach, Eq. (8) is automatically satisfied due to (5). Using the
divergence theorem in sub-domains Q~ and Q*, one obtains:

/76u~(V~c)dQ:7/i(V56u):6dQ+/F76u~(c-n)dF+/F du - (¢ -n)drI, (16)
/Q} 6u-(V-o-)dQ:—/Q}(V58u):on+/F+5u-(c-n)dF+/r du - (6" -n")drI, (17)

where I'7 = I''N3Q" and I', = I''N0Q~. The weak form (15) can now be written as

—/ (VSSu):ch—i—/ Su-bd9+/5u-idr
O\I'q AN\I'y I't

+/Q\rd 68:(6—0’(8))d9+/rd(6u+—8u)~t+d1":0. (18)

Recalling Eqgs. (1) and (6) and taking the variations of the total displacements equal to
du = du + A r, [u], (19)
the variations of the strain equal to
de = V*ou+ A, V'o[u] in Q\ Iy, (20)
and the variations of the jumps given by

d[u] = du" —du~ at I'y, (21)
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one obtains:

—/ (Voi):od2— [ A (VS[u]) : 6dQ
\ly

A\ly

+/ 50 -bdQ + A1, 5[u] - bdQ
Q\I'y Q\I'y

+/ 6ﬁ~fd1"+/ 1, 8[u] - EdI
I, I

+/ (V*éa) : (6 —o(g))dQ + Hr,(VO[u]) : (6 —o(g))dQ
O\I'y

Q\I'y
+ / S[u] - t*dI" = 0, (22)
I'y
which reduces to

- / (V*5i) : 6(2)dQ — / Ao, (V5[u]) : o(5)dQ
o\l

o\l
+/ sa-bdQ+ [ Ay, 5[u]-bdQ
o\l o\l
+/ 6ﬁ-de+/ #r, 5[u] - €T
I, I

+/ 8[u] - tHdI = 0. (23)

Taking first 5[u] = 0 and then i = 0, and since the stress field in the continuum depends upon the regular
strain &,

6 =o(g), (24)
the following two variational statements can be obtained:
—/ (V* 6u) :c(é)dQ—l—/ Sﬁ-bdQ—i—/ u-tdl' =0, (25)
Q\Ty Q\ly Iy

- / Ao, (V5[u]) : 0(8)dQ + / 1, 3[u] - bdQ + / Hr, 8[u] - €T + / S[u]-t-dr =0.  (26)

In (26), the tractions are obtained from a separate traction-jump law at the discontinuity, such that
t = t([u]).

Eq. (25) is the usual principle of virtual work obtained for a continuum. It is interesting to note that,
taking » = 1 in (2), this formulation is the same as the one adopted in the partition of unity method (Wells
and Sluys, 2001a; Wells, 2001; Simone et al., 2000), in which case the second variational statement (26) can
be interpreted as the principle of virtual work applied to subdomain Q*. More generally, if r is taken
between 0 and 1, separate contributions in Q" and Q are taken into account, similar to the work presented
in Lotfi and Shing (1995), Ohlsson and Olofsson (1997). Furthermore, summing Egs. (25) and (26), the
principle of virtual work applied to a body crossed by a discontinuity is recovered as presented in Malvern
(1969), i.e.,

—/ (VSSU):G(é)dQ—i-/ 5[[u]}~t+df+/ 5u~bdQ+/ du-tdl' =0, (27)
Q\I'q I'q [OAV A

I

which is the weak form usually adopted in the discrete-interface approach.
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It is also interesting to compare the adopted variational formulation with the one introduced in Simo
et al. (1993) and used in many other works, namely in Armero and Garikipati (1996), Oliver (1996b), Wells
and Sluys (2001b), Jirasek and Zimmermann (2001a), Alfaiate et al. (2001a). In the latter case, two vari-
ational statements are also introduced: the first is the principle of virtual work (25) and the second, which is
introduced at element level, is:

1 tdF—Le g-ndQ =0, (28)
la Jre Q° Joe

where /4 is the length of the discontinuity I'j embedded in the parent element ©°. In Eq. (28), the traction
continuity condition is imposed in average. It can be shown that, in the present formulation, the traction
continuity condition is also enforced in a weak form through Eq. (26), although in a different way. De-
parting from the corresponding strong form:

t—o-n=0, (29)
pre-multiplying both sides of (29) by the variations of the jumps and integrating along I'y one obtains
oful] - tdl' — [ dJu] - (o-m)dl =0. (30)
Iy Iy

Take, for example, » = 1, such that du™ = 5[u], and du = 0. Applying the divergence theorem to subdo-
main Q" as done in Eq. (17), one obtains

/+(V58[[u}]) c6dQ = /+(8[[u]}) ~de+/ (3[u]) - (¢ -n")dI — /+(8[[u]) -(V-0)dQ, (31)

or, equivalently
—/r (8[u]) - (¢* -n*)dl = —/m(VSS[[u]]):o-dQ—i—/ﬁ(S[[u]})~fd1“+/m(8[[u}])-bd9. (32)

From Eqgs. (30), (32) and (14) we get Eq. (26). In Section 4, we shall see that a symmetric formulation can be
obtained from (25) and (26) (as in the partition of unity method), instead of the non-symmetric formulation
introduced by Simo et al. (1993).

4. Finite element approximation

Consider a finite element discretisation of the 2D domain 2. Assume that one element is crossed by a
straight discontinuity which divides Q in two sub-domains Q" and Q~ (Fig. 2).
Recall Eq. (1). The jump [u] occurs along surface I'y within the element,

[u] = [u(s(x))], (33)

where s(x) is the coordinate along I'y as depicted in Fig. 2(left). In this figure, a local frame s, n related to
the discontinuity is defined, where » is the normal to the discontinuity. Assume the jump is a linear function
of s given by:

[u(s)] = (D + gs)e, + (C + ks)e,, (34)

where D, g, C and k are constants and e, and e, are unit vectors along directions s and #n, respectively. For
all x € QF, r[u(s)] will be added to the displacement field @, whereas for all x € Q~, (1 — r)[u(s)] will be
subtracted from the displacement field 4. In Fig. 2(right) the total displacement field is depicted (where @
and the tangential jump component are neglected for clarity). If the jump is assumed to be constant across
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Fig. 2. Displacement jump in a triangle crossed by a discontinuity.

Iy, it is sufficient to adopt one internal node to represent the displacement jump; in the work presented in
Alfaiate et al. (2001a), where crack path continuity was enforced, this node was introduced at the midpoint
of I'y. However, if higher order functions are considered for [u], more nodes are required: two nodes for a
linear function, three nodes for a quadratic function and so forth. In the example above, the additional two
nodes are located at the intersection of I'y with the edges of the element (if a quadratic function were
adopted, a third node would be located at the midpoint of I'y).
In matrix form, for each finite element e with n nodes, the following approximation of the displacement
field (1) is adopted:
= N(x)a® in Q°\ T,
[u]® = N¢ [s(x)]w® at I,
where N¢ contains the usual element shape functions ¥, 1 <i<n, a° are the nodal degrees of freedom
associated with @, N¢ are the shape functions used to approximate the jumps [u] and w¢ are the degrees of
freedom associated with [u]. In (35), if the number of nodes used to approximate the jumps is n,, N,, is a
(2 x 2n,,) matrix: if n,, = 1, N,, is the identity matrix; if n, = 2, N,, contains linear shape functions and so

forth.
Assume that the total displacement field, u = @ + #r,[u]}, is approximated by the usual shape functions:

u’ = N°(x)a® in Q°\ T, (36)

(35)

where a¢ are the nodal degrees of freedom associated with total displacements u. Since the approximated
displacement field is continuous, the contribution of the jump across discontinuity I'y into u® must also be
continuous. This can be achieved by projecting the jump to the » element nodes such that:

Hr [u]* =~ N°Ha®, (37)
where His a (2n x 2n) matrix, H = &1, and I is the (2n x 2n) unit matrix. Thus, in H elements related to
Q°" are equal to (0<r< 1) and elements related to Q°~ are equal to (r — 1), i.e

0 if k#1,
Hy=<0<r<1 if [(k=1=2i—1)V (k=1=2i)] Anodeie Q" (38)
(r=1) if [(k=1=2j—-1)V(k=1=2j)]Anode j e Q.
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The enhanced degrees of freedom a¢ are given by

a‘ =M, w’. (39)
In (39), M is a (2n X 2n,,) matrix:
N
= | N, (40)
N,
where N¢. are the shape functions obtained at I'y for s = s(x;), X; being the coordinates of node i. As a

result, the displacement field in each element is given by:

u’ = N°(a° + Ha®) = N°(a° + HM'w*) in ©°,

[u]’ = No sl at I, e
The strain field & is approximated by:

& = LN°a® = B°(a° — HM w°), (42)
where L is the usual differential operator. The incremental stress field is

de® = D*d¢° = D’B*(da’ — HM dw*). (43)

The tractions are obtained from the traction-jump law at the discontinuity. In incremental format this
reads:

dt = T°d[u]® = T°N; dw® at I'. (44)
Discretising (25) and (26) by means of the field approximations given in (35)—(44), we obtain:
K;a _KZw dae _ dfsxt
|:_Kim Kiuw + K§:| { dwe } B { df‘:"ve“ }’ (45)
where
K¢, = / B DB°dQ, (46)
o
K, = / B'D°B’,dQ, (47)
o
K}, = Ki,, (48)
K¢, = / B DB dQ, (49)
o
K{= [ NITNedr, (50)
Iy
B! = B°'HM¢, (51)
and
dfe, — / N db*d@ + / N dEdr, (52)
Q I
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afe =0, (53)

w,ext

where the incremental forces dfy, ., introduced at the discontinuity, are assumed to be zero. From Egs.
(45)—(50), it is clear that a symmetric formulation is obtained, as long as matrices D¢ and T¢ are symmetric.

At this stage, two different approaches can be adopted:

(i) either the additional nodes are considered as internal nodes in the element, or
(i1) the new nodes are global.

In the former approach, which can be considered a natural extension of the usual embedded disconti-
nuity formulation, condensation of the corresponding additional degrees of freedom can be performed at
element level and the bandwidth of the global stiffness matrix is kept fixed during the calculations. In fact,
from the second equation of (45):

dw’ = [K¢,, + K5 ' [K¢, da‘], (54)

ww

and substituting dw¢ into the first equation of (45) we obtain

[K:, — K, (K, + KS)'K;, | da = dff,, (55)
which allows the definition of the condensed incremental stiffness matrix, given by
Ken = [KG, — K, (K, +K5) 'K, . (56)

Note that no continuity of the jumps across the element boundaries is achieved in this case. However,
similar to the works presented in Alfaiate et al. (1992, 1997), Alfaiate and Pires (1998, 1999, 2001), where
interface elements were used, the following approximation can be considered: at each element boundary
where two internal nodes coincide, the mean values of the corresponding jump components are adopted as
the true jump components and used in the traction-jump law (see Fig. 3).

In approach (ii), which is adopted here, the additional nodes are global and therefore the bandwidth of
the global stiffness matrix increases during the calculations. Nevertheless, for n,, > 2 continuity of the jumps
at the discontinuities is automatically enforced across the element boundaries. Moreover, since the jump is
continuously distributed over the entire element Q°, the elements remain conform.

As previously stated in de Borst et al. (2001), this formulation is kinematically similar to a smeared
approach. Nevertheless, it should be stressed that the constitutive relation adopted for the continuum is not

two coincident
internal nodes

element bouﬁdary

‘approxirmated

: distinct jumps
‘ ontinuous jump

Fig. 3. Approximated continuous jump across an element boundary.
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modified; instead, a discrete relation is enforced separately at I'y (44), whose location and corresponding
displacement jumps are known (see also Alfaiate and Sluys, 2002).

5. Material and numerical models

In this section, the material and numerical models are described. A linear elastic bulk behaviour is
adopted whereas a localized damage model is used for the traction-jump law. An isotropic law is adopted:

t = (1 —d)Tyw, (57)

where 0 < d <1 is a scalar damage variable and Ty is the elastic constitutive tensor in which non-diagonal
terms are zero and diagonal terms are penalty functions used to prevent overlapping of crack faces under
crack closure. The evolution of damage is given by:

d:d(x):l—exp(—é—‘;c), (58)

F
where k is a scalar variable taken equal to the maximum positive normal jump component:

k =max(w,)", k=0 &>0, (59)
/i 1s the tensile strength and G is the fracture energy. A loading function is defined as

f=w,— K. (60)

Only mode / opening is considered, i.e. discontinuities open perpendicularly to the direction of the maxi-
mum principal stress g; whenever

o = fi. (61)

No shear tractions are allowed at the discontinuities during crack evolution.

5.1. Embedded discontinuity technique

Within the scope of the numerical implementation, it is useful to distinguish between: (i) crack propa-
gation and (ii) crack opening:

(1) a new embedded discontinuity always crosses the entire parent element. Only straight discontinuities
are allowed and the corresponding directions are defined perpendicular to the directions of ¢; which
is obtained at the central integration point of the parent element.

(i1)) The opening criterion (61) should be verified at the crack tip. The crack tip usually lies within the parent
element and the corresponding jump, as well as the jump ahead of the crack tip (within the same ele-
ment), are enforced to be practically zero through the use of the penalty functions in T.

Once a discontinuity is embedded in the parent element, one can rely on the tractions measured at the
interface. For instance, for a linear interface (two nodes), the jumps are linear so that the crack tip, which is
defined at a location where the opening criterion is verified (where the normal traction component equals f;
in the case of mode 7 fracture), is usually located inside the parent element since the discontinuity already
opened at the node behind the tip and the other node, ahead, is still enforced to be closed by using penalty
functions in T. If more nodes are adopted for the interface, the tip will also be usually located between two
adjacent nodes, thus, inside the element. A new discontinuity is introduced in a next element only when the
crack tip approaches the element boundary. At this point, where a node is defined, a correct account of the
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m] m] m] O O m]
= o|ao o|o o o crack nodes

I o integration points
O m] | | u | | m]
o s m ol o o ® integration points

‘ used to evaluate the

stress state at crack nodes

[ ] O m] m] m] O
)

embedded discontiﬁuity

Fig. 4. The stress components at each crack node are taken as the average stress components obtained at the two nearest integration
points.

stress state must be obtained, in order to properly fulfill the opening criterion (61). Only one embedded
discontinuity is allowed in each element and crack path continuity is achieved according to an algorithm
similar to the one presented in Alfaiate et al. (2001a).

Different criteria have been proposed in literature for obtaining the stresses at the crack tip, which give
rise to a more or less localized crack evolution criterion, depending on the degree of mesh refinement and
on the order of the parent elements. In particular, the following examples are mentioned:

(1) the accurate definition of the stresses near the crack tip is approximated by using special functions taken
from linear elastic fracture mechanics (Ingraffea, 1989; Carpinteri et al., 1989; Moes et al., 1999),

(2) the mean values of the stress components obtained at the nearest integration points of the crack tip de-
fine the stress state adopted for crack evolution (Alfaiate et al., 1997; Alfaiate and Pires, 1999), or

(3) a non-local stress state is adopted near the crack tip,in which case the averaging support is extended
beyond the element size (de Borst et al., 2001; Wells, 2001).

Here, similar to the work presented in Alfaiate et al. (1997) and Alfaiate and Pires (1999), the stress
components at each crack node are taken as the average stress components obtained at the two nearest
integration points, located at each side of the common element boundary (see Fig. 4).

6. Numerical examples

The numerical examples presented are: simple one element examples, a three point bending beam and a
single edge notched beam.

6.1. One element examples

The first example is a constant strain triangle, submitted to tension. Due to the asymmetry, the hori-
zontal discontinuity, introduced at the centroid, opens at one of the edges only, as depicted in Fig. 5 where
the deformed meshes obtained from both the embedded discontinuity example and a discrete-interface test
are presented. In Fig. 6, a perfect match between the load—displacement curves obtained with the two
approaches is presented. Note that a homogeneous jump field across the element would be obtained with
the non-symmetric formulation used in Armero and Garikipati (1996), Oliver (1996a,b), Wells and Sluys
(2000, 2001b), Alfaiate et al. (2001a), yielding more dissipation of energy.
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sTﬁ ésTf

Fig. 5. Asymmetric triangle submitted to tension.

11PNy
sl N0 interface
. embedded
3 (mm)
0 T ' '
0 0.005 0.01 0.015

Fig. 6. Load—displacement curves corresponding to Fig. 5.

Next, a symmetric triangle is submitted to tension. Depending on the position of the prescribed dis-
continuity, different maximum loads are obtained, exactly in the same way as in a discrete-interface ap-
proach. In Fig. 7, the load—displacement curves obtained with the embedded model and with the interface
approach are presented, which show almost complete similarity. Note that, if the non-symmetric formu-

P(N) 1P

L64F X embedded
3 + A | ] e interface

¢ N\

124\ \ a

0.8

04

0 T T
0.00E+00 6.00E-03 1.20E-02

Fig. 7. Symmetric triangle submitted to tension.
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lation were adopted (Oliver, 1996b), since it does not depend on the crack length, the same peak load (as
well as load—displacement curve) would be obtained in the three examples.

6.2. Three point bending beam

The three point bending beam test is another example in which the discrete-interface and the embedded
approach were compared. The beam dimensions are: length =2 m, thickness =0.05 m and depth=0.2 m,
with a 0.1 m notch depth. The adopted material parameters are: f; = 3.33 MPa, Young modulus £ = 30
GPa and fracture energy G = 115 N/m. In Fig. 8, the deformed meshes obtained with both approaches are
presented. In Fig. 9, the load—displacement curves numerically obtained are presented and compared to the
experimental result reported in Petersson (1981). First, a prescribed vertical crack path is introduced in
both the embedded and the discrete-interface numerical examples. In this case, the location and orientation

embedded

Fig. 8. Three point bending beam: deformed meshes.

prescribed embedded
X\ ] e interface
partition of unity
600 1 . non-prescribed embedded
\ X experimental
<\
400 X
X
200 A X
) 3 (mm)
O T T T T 1
0 04 0.8 1.2 1.6 2

Fig. 9. Three point bending beam: load-displacement curves.
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of the discontinuities are given a priori, such that the crack path in enforced along the midspan, both in the
embedded and in the interface analyses. Then, a solution with non-prescribed embedded discontinuities is
also obtained. In the latter example, as a first attempt of a simplified opening criterion, the stress state at the
crack tip is obtained at the centre of the element ahead of the crack tip. As a result, compared to the
prescribed solutions, the crack tip always opens later and a higher peak load than the experimental one is
obtained. The result obtained with the the partition of unity method is also shown, where the same opening
criterion is adopted, thus leading to a solution with delayed crack propagation similar to the non-prescribed
one.

6.3. Single edge notched beam

The last test presented is the single edge notched beam. The beam dimensions and boundary conditions
are shown in Fig. 11. The adopted material parameters are: f; = 2.8 MPa, Young modulus £ = 35 GPa and
fracture energy Gg = 100 N/m. In Schlangen (1993), Schlangen and van Mier (1993) experimental results
were obtained with this beam, in which the load is controlled such that a monotonic increasing of the
sliding of the notch (crack mouth sliding displacement, CMSD) is enforced. In the numerical analyzes, load
control is performed using an arc length method where only the relative sliding displacement of the notch
(CMSD) is taken into account in the constraint equation.

Four different numerical solutions are presented: in the first three analyses a structured mesh with four
node isoparametric elements is used, whereas in the fourth analysis an unstructured mesh is adopted with
constant strain triangles. In all cases, continuity of the crack path is enforced.

6.3.1. Structured mesh

In Fig. 10 the load—-CMSD curves obtained with a structured mesh with quadrilateral elements are
compared to the experimental load—CMSD curve. In test number one (curve 1), a non-prescribed numerical
solution was obtained adopting the simplified opening criterion mentioned for the three-point bending

50 1
P (kN)
— curve 1: non-prescribed,
40 AN simplified opening criterion
N
30 A ) .
curve 3: non-prescribed,
adopted opening criterion
curve 2: prescribed
20
experimental
10
CMSD (mm)
0 T T T T T
0 0.02 0.04 0.06 0.08 0.1

Fig. 10. Structured mesh: load-CMSD curves.
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Fig. 11. Single end notched beam: crack path with structured mesh from test number three.

beam. It is clear that the solution obtained with this criterion deviates from the experimental result. In test
number two the crack path was prescribed (curve 2). In this case, the information relative to the location
and orientation of the cracks, which had to be known a priori, was taken from the first test. In test number
three (curve 3), a better account of the stresses at the crack tip was adopted by means of the opening
criterion defined in Section 5.1. It is obvious that this criterion gives rise to a load—CMSD curve similar to
the curve obtained with the prescribed crack and that both curves agree well with the experimental one. In
Fig. 11 the crack path obtained from test number three is shown. In Fig. 12(a) the corresponding deformed
mesh is presented; in Fig. 12(b) the same deformed mesh is shown where the elements crossed by the

Fig. 12. Single edge notched beam: deformed mesh obtained from test number three; in (b) the elements crossed by the discontinuity
were artificially removed.
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discontinuity were artificially removed. Both the crack path and the deformed mesh agree well with the
experimental observation reported in Schlangen and van Mier (1993), Schlangen (1993), in spite of the fact
that the adopted mesh is relatively coarse (about 350 elements).

6.3.2. Unstructured mesh

In Fig. 13, the load—-CMSD curve obtained with the unstructured mesh (curve 4) is compared to the
experimental curve. In this figure, the result taken from Alfaiate et al. (2001a) is also presented (curve 5).
This result was obtained with the non-symmetric formulation (Armero and Garikipati, 1996; Oliver,
1996a,b; Wells and Sluys, 2000, 2001b) with the enforcement of crack path continuity. It is interesting to see
that the ascending branch is better approximated with the new formulation (curve 4) than with the non-
symmetric approach (curve 5), although the peak load is still larger than the experimentally observed peak
load. However, it should be mentioned that CST elements can not provide a correct definition of the
stresses at crack nodes, unless a much refined mesh is used, which is not the case here. In Fig. 14, the crack
path obtained from test number four is shown.

Finally, it is interesting to note that curves 2-5 in Figs. 10 and 13 show a more brittle softening branch
than the experimental curve. This is due to the fact that mixed mode fracture was neglected, i.e., no shear
tractions were allowed at the discontinuities during crack evolution. In fact, in Alfaiate et al. (2001a,b) it
was shown the response becomes more ductile if more shear tractions are allowed in the discontinuities
during crack opening.

507 pkN)

40 -

30 A curve 4: present formulation

20 )
curve 5 . experimental
non-symmetric

10 -

0 T T T T CMSD (xnl )

0 0.02 0.04 0.06 0.08 0.1

Fig. 13. Unstructured mesh: load—-CMSD curves.
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Fig. 14. Single edge notched beam: crack path obtained with unstructured mesh.
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7. Conclusions and discussion

In this paper, a new numerical implementation of embedded discontinuities with non-homogeneous
jumps across the elements was introduced. The comparison with other embedded and partition-of-unity
approaches was carried out. The important conclusions of this study are:

(1) in the adopted formulation, the jumps are approximated by additional degrees of freedom obtained at
additional nodes;

(2) these degrees of freedom can be considered either as global or local:

(a) in the former case, which is adopted in the paper, new global degrees of freedom are introduced as
the crack propagates, allowing for continuous jumps across element boundaries, at the cost of an
increasing bandwidth of the stiffness matrix;

(b) in the latter case, which can be considered an extension of previous embedded discontinuity ap-
proaches, the jumps are considered as internal degrees of freedom, which can be condensed out
at element level, thus keeping the stiffness bandwidth constant. However, in this case, continuity
of the displacement jumps across element boundaries can not be enforced;

(3) the variational formulation adopted consists of the principle of virtual work applied to a body crossed
by a discontinuity, as previously presented in Malvern (1969);

(4) it is shown that, essentially, the same variational formulation is adopted in other approaches, such as
the partition of unity method or extended finite elements, and the embedded formulation introduced by
Lotfi and Shing (1995);

(5) it is also shown that, similar to the work of Simo et al. (1993), in which a non-symmetric formulation is
introduced, the traction continuity condition is also imposed in a weak form, which yields, although in
a different way, a symmetric formulation;

(6) the adopted formulation is found similar to a formulation with interface elements, although the jumps
are projected (smeared) to the element nodes using the regular shape functions, as done in other embed-
ded approaches and in the partition of unity and XFEM:s;

(7) in the partition of unity and XFEMs, the approximation of the enhanced displacement field is intro-
duced directly at the existing element nodes; in the present approach, the enhanced degrees of freedom
at the nodes are derived from the jumps measured at the discontinuity surface I'y, which is embedded in
the parent element;

(8) the formulation adopted depends not only on the derivatives of the enhanced degrees of freedom (sym-
metric and non-symmetric formulations with constant jumps), but also on the relative displacements,
comparable to the partition of unity method;

(9) promising results were obtained with relatively coarse structured and non-structured meshes which com-
pare well with experimental results and with the results obtained from analyses with interface elements.
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