INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN ENGINEERING
Int. J. Numer. Meth. Engng 2003; 56:2135-2161 (DOI: 10.1002/nme.657)

A study on finite elements for capturing strong discontinuities
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SUMMARY

The work focuses on the presently existing families of finite elements with embedded discontinuities
and explores the possibilities of obtaining symmetric statically consistent finite elements that alleviate
the stress-locking problem. For this purpose, mixed (reduced integration) and assumed enhanced strain
techniques are applied to the basic symmetric four-noded element. Numerical simulations show the
effectiveness of the proposed measures. Copyright © 2003 John Wiley & Sons, Ltd.
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1. MOTIVATION

In recent years, the so called finite elements with embedded discontinuities have been the
subject of increasing study and development [1-12]. Its rising popularity comes from the fact
that, by using these elements, a displacement discontinuity model can be introduced in the
bulk of the element (and therefore regardless of the orientation of its sides) in combination
with appropriate propagation mechanisms. Moreover, it has been shown [6] that in strain
localization scenarios, some of those elements completely overcome the well-known problem
of the spurious mesh size and mesh orientation dependence of the results [13].

Although there are quite different families of such elements, apparently, not all of them
behave in the same way. A fairly comprehensive study of the different families can be found
in Reference [14]. They can be classified into three different groups:

(1) Symmetric statically consistent elements. Traction continuity across the discontinuity
interface is introduced in a fully consistent variational environment that results in a
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symmetric formulation. However, the way of introducing the discontinuous kinematics
does not guarantee free rigid body relative motions of the two portions of the element
split up into by the discontinuity.® A description of such formulation can be found in
Reference [8].

(i1) Symmetric kinematically consistent elements. The kinematics is introduced in a way
that does not restrict the rigid body relative motions of the two portions of the element.
However, traction continuity across the discontinuous interface is not guaranteed at
elemental level. A typical triangular element based on this formulation can be found
in Reference [5].

(iii) Non-symmetrical statically and kinematically consistent elements. Both the rigid body
relative motions and the traction continuity are introduced at the elemental level,
but the second is introduced in a strong form that makes the resulting formula-
tion non-symmetrical. Typically, these are the formulations used in References [6]
and [7].

From the authors’ experiences the last family of elements (iii) is the one that provides
more robust and reliable results and they have used it successfully for numerical simulations
in many different settings [15-21]. Family (ii) exhibits also a robust behaviour although a
much slower convergence with mesh refinement, whereas family (i), as will be shown below,
exhibits in many cases the well-known stress locking phenomenon.

However, although the fact that formulation (iii) is not symmetric is neither a funda-
mental drawback nor a source of unbearable computational costs, the variational consistency
of formulation (i) agrees with the traditional finite element technology in Computational
Solid Mechanics and confers additional appeal upon it. More important, the symmetric el-
ements of family (i) can be theoretically derived without the necessity of the tracking al-
gorithm concept which appears to be a fundamental issue on the other two families and
sets practical difficulties to generalize its use for capturing multiple cracking and branching
phenomena.

This is why this paper is devoted to exploring and developing several new types of finite
elements with embedded discontinuities belonging to this family. However, and since the
aforementioned stress locking phenomena makes the basic formulation unsuitable, specific
treatments are explored to face that problem. Mixed and assumed enhanced strain techniques
are envisaged as appropriated remedies, so that they are introduced in the basic element and
their effects on the stress locking are analysed.

1.1. The boundary value problem

Let us consider the body €2 of Figure 1(a), undergoing a (rate of) displacement discontinuity
[u](x,¢) across the material (fixed) surface & that splits the body into Q2 (pointed by the
unit normal n to .#) and Q= such that Q* UQ~ =Q\.%.9 The resulting velocity, u(x,?), and

§As will be shown in subsequent sections this can result in stress locking behaviour.
9Notation A\B stands for the result of subtraction of domain B from domain 4.
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Figure 1. (a) Continuum body with a displacement discontinuity; and
(b) construction of the .#4(x) function.

strain rate, &(x,?), fields!l can be expressed as in [20]:

U(x, 1) = u(x,t) + My [)(X,1)

U] =1ulxcoony — Wlxesn-ny; U=U" in G, (1)

&(x,1) = Vou(x, )= \s;/ + 6 (uj®n)®

regular singular
(bounded) (unbounded)
) - KeHI@) 1 vxeQm\Q, @)
(X)) =Hy(X) — @(X);  @(X)EH(Q)=
v g ® 4 0 vxeQ \Q,

where [u] stands for the velocity jump, 0,2 is the part of the external boundary of 2 (with
outward normal v) where displacements are prescribed to u*(x,¢), #» is the Heaviside’s
jump function placed on & (#¥(x)=1 Vxe Q' and #¥p(x)=0 VxeQ™), .4y is a unit
jump function, whose support is a certain domain {2, containing % (see Figure 1(b)) and
constructed as it is indicated in Equation (2), and 0« is the Dirac’s delta function placed on
& that arises from the derivation of the discontinuous function .Z(x).

The corresponding quasistatic boundary value problem (BVP) can be described, in rate
form, as the following three field, u—¢—e¢, problem:

u(x,t)
Find: &(x,t) satisfying:
6(X,1)

IThe mathematical expressions of the resulting continuum format kinematics is referred to as strong discontinuity
kinematics [20].
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V-6+b=0 in O\ (internal equilibrium) (3a)
§—Viu=0 inQ (kinematical compatibility) (3b)
6—X(e)=0 in Q (constitutive compatibility) (3¢)
6-v=t*" on 0,Q (external equilibrium) (3d)

6o- -n—6o--n=0 on.Y (outer traction continuity) (3e)

6]l 0

6o+ -n—6y-n=0 on & (inner traction continuity) (31)
—_————

6710

where 6(x,?) stands for the stresses, b(x,?) are the body forces density, X(¢) stands for the
constitutive function returning the stresses in terms of the strains € and 0,2 is the part of the
boundary of 2 where tractions t* are prescribed. Equations (3e) and (3f) state the continuity
of the traction vector 4 = o -n through the discontinuity interface .%. After explicit imposition
of condition (3¢) BVP (3) can be rewritten as a two field, u—g, problem:

u(x,?) o
Find: satisfying:

&(x,1)
V-X—b=0 in Q\&¥ (internal equilibrium) (4a)
¢ V=0 inQ (kinematical compatibility) (4b)
Y.ov=t* on 0,0 (external equilibrium) (4¢)
Yor -n—Xg--n=0 on ¥ (outer traction continuity) (4d)
E[E]loy o0
Yo -n—Xy-n=0 on ¥ (inner traction continuity) (4e)
N0

2. NON-SYMMETRIC (PETROV-GALERKIN) APPROACH

A weak form of the BVP (4) can be devised as follows. In view of the velocity field (1) let
us consider the functional spaces of the velocities, %, and virtual (kinematically admissible)
velocities, 7,0:
def - - "
Ta = (M) =0+ Ay a; He[H(Q)]"; acLly(¥)}

a0=0}

~.o def (5)
7o = {W°(x) € [H' ()] 7’
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where ng, stands for the number of dimensions of the problem, H!(€2) is the functional space
of functions defined in 2 with square integrable first derivatives and L,(.#) the functional
space of square integrable functions defined in &.**

Remark 1

Notice that spaces ¥, and 4,0 differ not only for the homogeneous boundary condition imposed
to the elements of ¥,°, but also for the intrinsic nature of their elements n(x) =1+ .%o and
n°(x), respectively. This fact entails the non-symmetric character of the resulting formulation.

In view of the preceding notation the weak form of the problem can be written:

Problem 1 (Continuous non-symmetric problem)

Find
U=+, wevsy
. oSz g (6)
§=V u:£+55(ﬂuﬂ®n)
Such that
= [ EGuvma- [ boados [ iwdr=0 wmedt @)
2 o\ %0

Gext
Some standard calculations show that the strong form of Problem 1 is
V-X+b=0 inQ\¥
SIL(w;n)=0 = ¢ X.v=t™ on 0,( (8)
[(X]lo\s -n=0 on &

and, therefore, only condition (4e) remains to be fulfilled in the BVP defined by Equations
(4). This condition is going to be imposed via a different procedure in the finite element
formulation, essentially in strong form. In summary the BVP (4) is approached as:

OIL(XE(,[u]);n) =0 vne#° (variational/weak form) ©
[Xs]] n=0 on.¥ (strong form)

2.1. Finite element discretization (standard non-symmetric element. U4n)

Let us consider the material domain  discretized in a four-noded’f finite element mesh with
Nelem €lements and 7p04. nodes crossed by the discontinuity interface % (see Figure 2(a)). Let
us assume that an available discontinuity tracking algorithm [6] determines the subset # of
the n, elements that are crossed by % at the considered time ¢:

I ={e|Q.nNS#0}={ei....em,...€p,...} (10)

**Roughly H!(-) contains continuous function defined in (-) with discontinuous first derivatives and L,(-) contains
piecewise discontinuous bounded functions defined in (-).
ttFor the sake of simplicity, from now on only two-dimensional problems will be considered.
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Figure 2. 2D discretization by using quadrilateral elements: (a) set # of elements intersected by
the discontinuity; (b) elemental discontinuity .%; (c) function .#; (d) regularized Delta’s function;
and (e) sampling points involved in the numerical integration.

For every element of ¢, the tracking algorithm** also provides the position of the elemental
discontinuity interface & (see Figure 2(b) of length /, which defines the domains €2} and

Q. and the nodes i* € {i/",...,i.} and i~ € {i",....i _}). Now, the following interpolation
of the velocity field u‘® inside a given element e is considered [6]:
i=4 .
1€(x,0)= ¥ NOdi(0) + .47 () [[a]] (1) (1)
i=1 —
_',_/ i@
i@

where @ is the standard %° velocity field, interpolated by the shape functions {N,*, NS,
N3(e),N4(e)} of the linear isoparametric quadrilateral element [22], in terms of the nodal veloc-
ities d;(¢) at node i. The term @@, in Equation (11), captures the singular (discontinuous)
part of the velocity field (1) in terms of the elemental velocity jump [[@]]. and .Z5(X) is the
discrete counterpart of the unit jump function in Equation (2) defined as follows:

0 Ved ¢
#5000 = 9"

n;r Veef
(9= 3 Niv)
1

it=

M (x) = (12)

where #,° is the step function. Figure 2(c) shows the ..\

elemental support.

function and emphasizes its

HThis tracking algorithm is a crucial ingredient of the non-symmetric formulations and constitute one of their
most typical servitudes.
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From Equations (11) and (12), the discrete (rate of) strain field reads

0= Vi = (VN @ )P (Vo @ [[i],)° + 0, (i = n)® (13)
i=1

=

Notice that Equation (13) matches the strong discontinuity kinematics (1). In order to over-
come the numerical difficulties of treating with the Dirac’s delta function o it is replaced
by a regularized®® function ¢, defined within the element e as

e e 1
0y =i+ (14)
where ug,) is a collocation function whose support is the domain %* in Figure 2(d) defined
in terms of the regularization parameter k:

pPx) =1 vxegf

(e) k (15)
pP(x) =0 Vx¢.

By considering Equations (14) and (15) the regularized form of the strain rate field reads

(e ) =2 e) o i . . ol .
89 =V = S (VN 0d)° = (Vo @ [[all)° + 1 (@ [[a)])° (16)
In order to integrate the discontinuous terms emerging from the second term of the right-
hand side of Equation (16), in addition to the standard sampling points of the linear quadri-
lateral (PG1 to PG4 in Figure 2(e)), the element is equipped with another integration point

(SSP in Figure 2(d)) placed at the centre of the element and whose associated area is (see
Figure 2(d))

measure(.%¢) =k, (17)

The regularization parameter & has an arbitrary small value (as small as permitted by the
machine precision).

In this context the inner traction continuity condition in Equations (4e) and (9) can be
imposed on an element basis in terms of averages:

o n=(Eq n)=E, n—o Qi/ tondo= L [ £.ndo (18)
e JQ, le 4,
mean value on Q\.% mean value on &
@l L :
= ﬂy) %—Qi nZdQZO Veef (19)
Q. e

88 This procedure and the resulting formulation have been sometimes termed in the literature the regularized strong
discontinuity approach.
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In view of the previous finite element discretization, and by resorting to the classical finite
element procedures, the discrete counterpart of the BVP in Equations (9) can be written as
follows:

Problem 2 (Discrete non-symmetric problem)

Given
def 1= Mnode
W={Wm—§:mmm+2%ﬁum}
.17 ec y (20)
%“¥{¢%m—-§%wxm&n$u0}
i=1
Find
1=Npode h
= > Ndi+ ¥ 4°0)M]]e; 0" e 7"
i=1 ec y
) . 1)
o1 . .
&=V = Z(VN@M)&+§:([m2k —V¢”}®HML)
ecy
Such that
. €=MNelem . -1.0
STL(Es ) = > v%hzw)dﬂme:o vt e 7t
(22)

[X]]y -n= 0—>/ ((6)1—e>n-2d(2:0 Vee g

E

The structure of Equations (22) corresponds to a typical Petrov—Galerkin residual weighting
procedure [22] of the original BVP (4).

2.1.1. 2D implementation. For the two-dimensional case, in a cartesian coordinate system
(x, y), using the vector format for the strains {e} =[&. &y, 2¢,]" and the stresses {a} = [0,
0y,0x,]" (where ()T stands for the transpose of (-)), considering the four-noded quadrilateral
as underlaying element and using the standard finite element B-format [22] Equations (22)
yield

SIL(E;m") =0

. }H ML/””E@WWM F*) =0 (23)
[[X]]ly -n=0
where F(© stands for the classical elemental external forces vector and
1@ —gH© . 4
womrme C4)
d =[d, d, ds, dy, [[0]].]"

Copyright © 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2003; 56:2135-2161
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B(e):[B§E), Bge)’ Bie), G(e)]

B*(e):[Bgﬂ’ Bée)’ Bge)’ B‘(‘.g)’ (},,K(e):|

oN© 0
BO=| 0 ono
ay]\/‘i(e) ax]\/‘i(e)
w0 (25)
. ol L '
6= ('t —g) [0
ny My
ne 0 0.0® 0
G*(F] — ME/G)% 0 n, | — 0 ay(p(e)
n, Hy Gy(p(e) 0.0

where J stands for the classical assembling operator and n={[n,, n,]".

Remark 2

Notice that matrices B and B*© in Equation (25) differ in terms G© s G*”. This fact
makes the resulting tangent stiffness matrix non-symmetrical as could be expected from the
original non-symmetric character of the approach stated in Remark 1.

Remark 3

The structure of Equations (23)—(25) suggests the introduction of an internal additional
fifth node for each element e that is activated only for the elements crossed by the dis-
continuity interface (e€ #) and whose corresponding degrees of freedom and associated
shape function are, respectively, the displacement jumps [[u]]. and tﬂf) in Equations (11)
and (12). Since the support of ,/%y(f) is only €2, those internal degrees of freedom can
be eventually condensed at the elemental level and removed from the global system of
equations.

3. SYMMETRIC ASSUMED ENHANCED STRAIN APPROACH

The assumed enhanced strain methods, which can be considered a particular case of the
more general assumed strain methods or mixed methods [23], provide a different setting
to approach displacement discontinuities. In next sections the corresponding formulation is
presented following the guidelines in Reference [24].

Copyright © 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2003; 56:2135-2161
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3.1. Assumed enhanced strain and stress fields

Let us consider the displacements u(x,?), enhanced strains &€(x,?¢) and stresses o(x,?) to lie

in the following functional spaces:
%E ) e (P}
7S ) € W'lo0=0}
% E (Ex)=E + s(amn)S; Ll e
{ ’ /Q%:tdQ:O VT E Yy

7o € {x(x); 1€ L(Q)}

where the orthogonality of 7 with respect 74 set through:
/&:rdQ:O VEc¥; Ve,
)

is motivated by the satisfaction of the patch test [24].
The variational assumed enhanced strain problem can be written as:

Problem 3 (Continuous assumed enhanced strain problem)
Find
u(x,1); une v
§x,n)=Vou+ &
—~—

enhancement » . &€ Vi

>

&(X,1); e,
Such that
O (X;m) = / X(e): VSNdQ — Gy =0 e
Qv
5Hg(§,;t):/§:rdQ:0 VT e Y,
Q
5H0(6,2;%):/(6—2):%d§2:0 vEe 13
Q
Remark 4

(26)

(27)

(28a)

(28b)

(28¢)

(292)

(29b)

(29¢)

By comparison of the structure of the strain fields in Equations (1) and (28) the values B, in
the assumed strain field &, approach the displacement jumps [[u]] of the strong discontinuity

kinematics (1).

Copyright © 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2003; 56:2135-2161
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Some standard calculations on Equations (29a—b) show that their strong forms are:
(1)
V-X(e)—b=0 in Q\¥
OL(E;m)=0 = { E.v=t on 0, (30)
[(£lloys n=0 on &
(ii)

Ol(8;t1)=0 = [ £:1dQ=0 = §=0 inQ (31)
Q

in a distributional sense¥Y and, in view of Equation (28b)

e=Voa+ & =Voa = ¢—VSu=0 inQ (32)
~—
=0
Finally, Equation (29¢) can be rewritten as
(iii)

/((;—)’:):EdQ:/(;:&dQ—/)'::&dQ:O (33)

Q Q Q

=0

:>/Q)2(s):§d(2:O (34)

Clearly Equations (29a) and (29b) are weak forms of Equations (4a)—(4d). Therefore & in
Equation (34) has to be chosen to enforce the remaining Equation (4e).
3.2. Finite element discretization (standard constant stresslenhanced strain element: S4n)

Given a finite element discretization in four-noded elements (see Figure 2(a)), let us consider
the following discrete version of the spaces in Equation (26):

. def =Npode
y {nh(X): 5 M(X)n,}
i=1

L0 def I=Nnode
A {nh(x): Zl NGO mauszzﬂ}

1 for xef),

= {Ee0="8" (1] - i ) neoeeny), mx):{ (35)

0 otherwise

T9Since, from Equation (28), §=£ + d;(p®@n)S is a distribution, the expression =0 has to be understood in the
distributional sense.

Copyright © 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2003; 56:2135-2161
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7 {200 =" no |

It can be immediately noticed that the chosen expansions for the discrete assumed strain
field &" in Equation (35) fulfil the orthogonality condition (27) since

e= nelem 1 l
(e)t  ‘le S.
/% /Qe (/J‘(/,k Qe)(oteé@n) 7. d2

::E/ (fj}{—é)dﬁ(ae@n)S ,=0 (36)

e=1

(le_le):o

In this context the discrete counterpart of the continuum Problem 3 in Equation (28) to (29)
reads:

Problem 4 (Discrete assumed enhanced strain problem)

Find
i=Nnode

w'(x,7)= Z Nd,, et

e=Nelem 1 L . . .
o0 =viu+ B (10 - ) neoden® Eent

(37)
éh(cnhanccmcnt)
&"(x,1) = ze'”ye(x)ce e
Such that
(1)
SL(E ") =0 = ] / VoS E(e")dQ — G =0 Yy e¥? (38)
(ii)
SII;(&";€")=0 = (trivially fulfilled, see Equation (36)) (39)
(iii)
e nLle/ Z ~h dQ
Ol (6" ;8" =0 = L (40)
_ €=Nelem (e)2 _ ‘e . . —
=> [/ﬂ (,uy 3 Qe)): ndQ] =0 Vo,
;»/ <H<;>]1€ )z nd2=0 ec{l...ngem) (41)

Copyright © 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2003; 56:2135-2161
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Remark 5
Equation (41) can be rewritten as

1 1) -
() + 1 . —
/m (,uy 7 Qe)):. ndQ=0=

1 . 1 . — -
—/ XdQ-n= —/Ed,¢~n = Xqo -n=Xg-n (42)
Qe Qe le le N——

- — X traction continuity

X, (average in ) X4 (average in %)

(in mean values)

which shows that Equation (41) is imposing the inner X traction continuity inside every
element.

In summary, the equations ruling the discrete symmetric problem (4) can be written as

€=MNelem .
: VAN () dQ — G =0 Ve ¥°
oIl (X; ﬂh) =0 391 Q 1 ) ' L !
be i o 1 )
M@ EE=0 | [ <M§>_e) n-EdQ=0 ee{l. . ngm}
o k Q.
. (e . (e e 1 le )
0 = v+ (04 - o) ooy (44)

3.2.1. 2D implementation. For the two-dimensional case, considering the four-noded quadri-
lateral as underlaying element and the finite element B-format, Equations (43) and (44) yield
to the symmetric system of equations:

5Hu(2; T]h) =0 e=noem T - ext(e)
. = U U B© . {¥}dQ - }:0 (45)
OMo(6", B8N =0 =t Lo

(8}© = B@. ¢

o o (46)
A = [d,, dy, ds, ds, p,]7
B© — [B(le)7 B;e), B(;), Bge), G(e)]
axN,‘(e) 0
B=| 0o gN©
OGN BN
w0 (47)
. ol L
ny Ry

Copyright © 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2003; 56:2135-2161
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As in the non-symmetric element (see Remark 3), the degrees of freedom, B., in Equa-
tion (46) can be tackled as an internal element fifth node (incompatible mode [24]), condensed
at the elemental level and removed from the global system of equations.

4. NUMERICAL EXPERIMENT. STRESS LOCKING PHENOMENA

In order to check the performance of the elements previously described in Sections 2 and 3
the simple numerical test described in Figure 3(a) has been considered. A rectangular plate,
modelled in plane strain, is fixed at one side and uniformly stretched from the other side.
The material is modelled using the simple isotropic continuum damage model described in
Reference [25] and equipped with linear softening. The theoretical analysis shows a solution
for the problem consisting of a straight vertical discontinuity line crossing the plate from the
top to the bottom. The displacement jump is uniform and exhibits only a normal component.

Since the problem is homogeneous before bifurcation, the stress state is constant and the
position of the discontinuity line is not determined. For the purposes of the analysis, this
position is artificially fixed.

The numerical simulation is carried out using an arbitrary oriented mesh, as shown in
Figure 3(a), with the following finite elements:

o Standard non-symmetric four-noded element U4n. This is the non-symmetrical statically
and kinematically consistent element based on the Petrov—Galerkin approach described
in Section 2.

o Standard symmetric four-noded element S4n. This is the symmetric statically consistent
element based on the assumed enhanced strain approach described in Section 3.

In Figure 3(b) the obtained stress—displacement curves, g,,—9, for both elements are plotted.
It can be readily checked that the U4n element provides the expected exact solution exhibiting,
beyond the peak stress, a linear softening branch up to the total stress relaxation.

The S4n element, instead, exhibits a hardening branch beyond the theoretical peak, that
rises the stress—displacement curve up to unphysical levels.

A deeper look at the numerical results shows that this unexpected structural hardening comes
out from the fact that material points at 2\.% which are supposed to behave elastically after

Damage Model (linear softening)

7
/
4

E=30000.MPa  Gf=0.100 Nw/mm s

/

_ _ K Symmetric (S4n)
v=0 cu=10.MPa / \/

S

Non-symmetric

Uy

y T . s 0 0.5 15 25
>
(a) x (b) 5[10™m]

O xx [MPa]
o

0.5[m]

Figure 3. Homogeneous plate: (a) geometrical data and finite element mesh; and (b) stress o
(at point A) vs displacement ¢ curves.
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the bifurcation, do not unload but, instead, load elastically after bifurcation.!lll This results
in the unexpectedly high stress levels observed in the figure. This trend is not modified by
using finer meshes, and therefore, convergence to the exact solution is not achieved with
mesh refinement. Clearly this is a typical stress-locking behaviour that actually makes the
S4n element unsuitable for any modelling purposes.

In order to look for remedies for this stress locking, its causes are analysed through the
following reasonings:

1. The strong discontinuity kinematics in Equation (1) splits the strains into a regular
(bounded) part that develops at €2/% and a singular (unbounded) part that develops

at &
£=Via= G + Sg(u]®@n)® 48
([a] @ m) (48)
o\ singular (unbounded)

regular (bounded)

2. It can be shown that, after the onset of the strong discontinuity, the whole inelastic
(rate of) strain component matches the singular part whereas the regular (rate of) strain
remains incrementally elastic*** i.e.:

tny=t= C':6 = 6=C:iigy (49)
elastic strain

where C stands for the elastic fourth-order constitutive tensor.

3. A glance at Equation (49) shows that, since the components of C (determined by the
normally high values of the elastic properties) are very large, the values of £g\ o, have
to be very small for ¢ to be in the physically expected range. In other words, if the
values of £\ o are unexpectedly large so will be the values of ¢, thus provoking locking
phenomena. As a particular case, at the final stages of the stress—displacement curve in
Figure 3(b) one can expect the regular strain to be practically zero.''f

620 = éggs=Cl:6~0 (50)

Now, looking at the elemental strain field modelled by the S4n element (see Equation
(37)) and the polynomial degree of its counterparts:

-(e - (e Ze N
iy = L0~ (b on) (51)

linear
(enhancement) constant

we realize that, except for very particular cases in which the term VSu‘® becomes con-
stant inside the element, for the very general case both terms will not cancel each other.
Thus, Equation (50) will not be fulfilled and stress locking will arise.

I This theoretical incrementally elastic behaviour is algorithmically imposed at the bulk Q\.% after bifurcation.

***Though intuitive this is not a trivial result. Its proof requires resorting to the so-called strong discontinuity
analysis [25].

1T At this stage, the element should be able to produce rigid body motions of the two portions split up by the
discontinuity at no stress and, therefore, at no elastic strain.
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These arguments explain, at least crudely, the reasons for the locking phenomena observed
in element S4n and also suggest two possible strategies as remedies:

(a) Decrease the polynomial degree of the term V3a'® to zero (constant).
(b) Increase the polynomial degree of the enhancement term to one (linear polynomial).

Strategy (a) is followed in the mixed approach presented in Section 5 whereas strategy (b)
leads to the strain re-enhancement methodology presented in Section 6.

5. MIXED APPROACH

5.1. Assumed strain and stress fields

Let us consider the following functional spaces:

Ya S (n(x) €[H'(Q)F} (52a)
70 E ((x) € H (P 0,0 =0} (52b)
% E (Ex) =&+ dy(@@n)%;E, € Lr(Q); 0 € La(F)} (52¢)
Yo 2 {1(x); 15 € L(Q); [[el]ars -n=[[1]]y - n=0} (52d)

The variational three field (u—&—6) mixed problem can we written as

Problem 5 (Continuous mixed problem)

Find
u(x, 1) uc v,
gx,0)=g+o(pon)’ e (53)
6(X,1) GE Vs
Such that
oIl (6;m) = / 6:VNdQ — Gy =0 e 7°
%%
5H£(ﬁ,é;1):/(é—Vsﬁ)itdQZO Vie v (54)
0

5H0(¢,2;§):A(¢—2):ad9:0 VE € ¥

H1Indeed, these strategies for alleviating the stress-locking problem can only be applied to finite elements sensitive
to mixed/assumed strain or assumed enhanced strain technologies, like the four-noded quadrilateral. For instance,
strategies (a) and (b) cannot be applied, at elemental level, to linear triangles.
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in Q\&
(55)

Standard calculations on Equations (54) lead to the corresponding strong forms
V-6+b=0
on 0,8

(1)
G-v=t
[[6]Jovs 0 =0 on &
(56)

oll,(6;)=0 =

(57)

(i)

oIl (0, &;t) O:>/(é—Vsl]):tdQ 0= &=V inQ

(iii)

O,(6,X;8)=0 = /((;fZ):ng = 6=X inQ
)
Therefore, Equations (3a)—(3e) of the original BVP are fulfilled in weak form by the

variational Equations (54) whereas Equation (3f) is fulfilled from the particular choice

made for the space 7, in Equation (52d)
5.2. Finite element discretization (constant stress/strain mixed element: M4n)
(58a)

For the four-noded element discretization of Figure 2(a) let us consider the following discrete

counterpart of the spaces in Equation (52)
vh‘”{ o= 3 N(x)n,}
7 {0 =5 Neons ka0 (58b)
def [ Melem (8) S 1 for xe(Q,
2 e =5 000 (B e ) b w0o- ED
0 otherwise
A { o P(x) = z &(x)re} (58d)
and the corresponding discrete problem
Problem 6 (Discrete mixed problem)
Find
W= 3% Ndi; ey (59a)
i=1
Int. J. Numer. Meth. Engng 2003; 56:2135-2161

Copyright © 2003 John Wiley & Sons, Ltd



2152 J. OLIVER, A. E. HUESPE AND E. SAMANIEGO

= z (1041 0B on ) e (59b)
e Zlm Ye(X)6, 6" e s (59¢)
Such that
SIL(6;m") = /Q " VS AQ — G =0 Y € ™ (60a)
ST (uh, & 1) = /Q (&" - V8" :t"dQ=0 vi"eyt (60b)
SIL, (6", XM &My = /Q((rh —EM):ENdQ=0 VvEheyt (60c)

By inserting the strain rate field &" of Equation (59b) into Equation (60b) one gets

e=ng

SIL (", &) = 0= zf"“ (" — vSu): 1, dQ
Qe

€=Melem

=5 (Qe§e+le(Be®n)S— / Vsﬁth> 1.=0 Vi,
Qe

e=1

= (Qe§e+le(|3e®n)s — [ vS® dQ) =0 ec{l...Ngem}t= (61)

Q

and solving for &, and, then, for &" in Equation (59b), we get

= _ 1 Sph e (6 S
se—Qe/QeVudQ Qe([ie@m) e € {l...neem}=

ap A 1 seh g [ Ll (e) s
g = ;::1 Ye(X) QE/QEVU dQ) (Qe yk ([5 ®n) (62)
—_— ————
)

where VSu(® stands for the mean value of VSu"(x) inside the element e. In summary,

SILG 8417 =0— 8 =" 5 (%) [VS“@*(% e)(ﬁe@m)s] (63)
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Now, from Equation (60c) and the expansion of £"(x) in Equation (58¢c)

ST, (6" £ 8 = 0= S+ / (6. — £):E"dO
e=1 Qe

e=MHelem . - 1
= [ @0y (G sy e (64)
-1 Ja,
= ({Qeae_ / idﬁ] E o+ {Iede-n— / i-ndy} -ae)
e=1 Q. e
=0 V&, Va,

¢ ec{l...neem} (65)
{lgce n-— rdy n}
e
and solving for 6, in Equation (65), we get
] 1 . —
6, = — / XdQ =X, (66a)
Qe Jo,
ce-n:ll/ Yd¥ -n=X,-n (66b)
e JS

where Xq, = o Jo, ¥dQ and Xy = Ty L d. are, respectively, the mean values of X(&(x))
in 0, and %,. From Equation (66) it trivially follows

Yo, n=Xy-n (67)

which states the inner traction continuity condition (4¢) in terms of the mean values of X.
Equation (66b) can be rewritten in a more convenient format:

L[y L[y _ @l L)y _
le/(/eZd,V-n—Qe QCEdQ-n_/S@<uyk Qe)): ndQ =0 (68)
In summary, from Equations (64) and (68)
O, (6", L;E") =0 — / (,43}( - é) 2-ndQ=0 Vee{l.. neim} (69)
Q. e

Finally, standard algebraic operations on Equation (60a), taking into account Equations (66)
lead to

STL(6" ") =0 — :Lj‘:'" 60 VS AQ — G

e
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U / o, VSN dQ — Gy

— _Lj]em 2525 : / VI dQ —Gey
e=1 Qe
————
:Qgﬁ(f)
= U g, VN — G = 0 (70)
e=1 S
Jq, £dQ
- Lj'em VS0 5(e") dQ — G =0 V' € 70 (71)
23
Remark 6
Notice from Equation (63) that the mixed approach recovers the same enhanced strain coun-
terpart & = (,u(e)l — —)(ﬁ @n)S postulated in Equatlon (37) for the assumed enhanced strain

approach. However, in the mixed approach the term Vsu < in Equation (63) is constant and,

therefore, so is the component VSu'® ~ VSu “ in Equation (51). This fact is expected to fa-
cilitate the cancellation of the elemental bulk strain sgz g = vsa' — &(Be ®n)® and contribute
to alleviating the stress-locking phenomenon.

5.2.1. 2D implementation. Again, for the two-dimensional case and the four-noded quadri-
lateral element, the B-format formulation of the finite element method, from Equations (63),
(69) and (71) reads

SIL(EM") =0 e=ngem
=

, [ / B@' . {X}dQ - Fx©|=0 (72)
S (6", XMy =0 1 Lo,

{é}(e) —B©.d®

. L 73
d(E) = [d]’ d29 d39 d49 ﬁe]T ( )
B(e) [B(e) Bgﬁ , B(3€) (9) G(e)]
axN(e) 0 (74)
= (e — - (€) de 1
BY=1| o anN@|: OFF Q—/(-)dg
e JQ,
e e N——
6J/]\/;‘( ) &CM( ) mean value of (-) on €,
n, 0
e ol L
G( ) = (u;)k m) 0 ny,
n, ny
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Remark 7 B

For practical purposes the computation of the mean elemental values (-)© referred to in
Equation (74) can be approximately (or even exactly, for undistorted elements) computed,
for the quadrilateral element, through sampling at the centre of the element. Consequently,
by comparison of Equations (47) and (74) the mixed M4n element can be retrieved from
the symmetric S4n element by reducing the four regular sampling points (PG1-PG4 in Fig-
ure 2(e)) to one placed at the centre of the element (RSP in that figure). Therefore, the
classical link between mixed elements and reduced integration [26] is also recovered for finite
elements with embedded discontinuities.

6. STRAIN RE-ENHANCEMENT: ELEMENT E4n
Next strategy is based on providing new terms to the enhanced strain component (& in

Equation (28)) of the symmetric element S4n. Two conditions are required on this
enhancement:

(1) Fulfil the orthogonality condition (27):
/é:rdQ:O VEe ¥ Vre v, (75)
Q

(i1) Include linear polynomial terms to contribute to alleviate the stress-locking
phenomenon.

With these conditions in mind, the following strain enhancement is proposed:

e e 1 le > l & [
Sh( k = (ll,l((/) % - Q) (Be ® n)s + jSSe + j tTe (76)
¢ ——

 ( i(e)
5}6) )

where s and ¢ stand for the isoparametric coordinates of the standard four-noded quadrilateral
and J is the jacobian of the isoparametric transformation relating differential areas in the
regular and isoparametric spaces through

dQ=Jdsds (77)

In Equation (76) §§e) is the basic strain enhancement, already present in the basic S4n
element, and ége) is a re-enhancement of the strain field that supplies the required linear
polynomial components to the elemental bulk strain. The values {S‘e}:[Sxx,Syy,kS",W];r and
{Te}:[Txx, ]'"yy,Txy];r are (constant) intensity factors that constitute six (for the 2D prob-
lem) additional degrees of freedom of the element. From expression (76) it is clear that
the orthogonality condition (75) is fulfilled for the elementwise constant assumed stress field
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in Equation (35) since

/*e) 1, dQ = / (E?]i—)(p ®n)s : 1, dQ

_ ol L _
_/QE (,Jy .- Q) dQ(p, @n) : t (78)

le—1,=0

/~<‘f) . dQ = / Lis§, +11,) 1. d0
Q.

+1 ptl +1 41
/ / sdsdsS, @ . + / / tdsdt T, :t.=0 (79)

6.1. 2D implementation

In view of the preceding formulation, the 2D implementation of element E4n becomes similar
to that of the element S4n in Equations (45) and (47) but including the additional enhanced
strain terms in Equation (76). That is
SIL(EMM) =0 e=nuem o )
) = U [/ B (3} dQ — F© =0 (80)
SL(6" LM =0 1 Lo

(£}© = B . d©

(81)

(e) . . . . . . .
d = [dl, d2, d3, d4’ [Bg’{S}) {Te}]]T
B® = [B(e) B(e) B(é’) B(e) G(e)]

[ON© 0
Bz@: 0 ayM(e)

_6})]\]}@ axM(E)

f9n, 0 s 0 0 ¢ 0 0 (82)
GO=|0 m0 s 00 ¢ 0

lvny yne 00 s 0 0 ¢

€] &

(6)1 le
Y= HyE—Qfe

where the eight internal degrees of freedom [f,,{S},{T.}] can be condensed at elemental
level.
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Symmetric (S4n)

10 Symmetric
(mixed M4n
enhanced E4n)

)

Oyx [MPa]

Non-symmetric
2 (U4n)

0 0.5 15 25
5[10™m]

Figure 4. Homogeneous plate: stress o, vs displacement ¢ curves for different elements.

7. NUMERICAL TESTS

7.1. Homogeneous plate

The basic test of Section 4 and Figure 3 is now repeated using the modified elements M4n
and E4n. The results, again in terms of g,,—d curves, are presented in Figure 4 together with
the ones obtained with the original element S4n and the exact result (U4n).

It can be observed the dramatic reduction in the stress-locking effect obtained with the new
elements which prove the effectiveness of the adopted strategies. Besides, one can observe
that the results obtained with element M4n (mixed strategy) and element E4n (re-enhancement
strategy) are very similar to each other, which shows that the improvement reasoning based
on the cancellation of the bulk strain, stated in Section 4 and implemented in two different
strategies, was essentially correct.

7.2. Notched specimen

In order to assess the performance of the proposed strategies in more complex problems,
the test of Figure 5(a) is also considered. It is a notched specimen whose experimental
testing is reported in Reference [27]. The couples of forces Fi and F, are progressively
applied, as it is indicated, in Figure 5(b) in order to induce a mixed mode crack which
develops from the notch tip with an inclination angle of 71° (see Figure 5(c)). For the
numerical simulation the same material model (isotropic continuum damage with linear soft-
ening) as in the previous case has been adopted, with the following parameters: the elastic
modulus and Poisson’s ratio are £ =30580 Mpa and v=0.2 respectively, the fracture energy
Gy =100N/m and the tensile strength is assumed to be g, =3MPa. The width of the specimen
is t=50.8 mm.

The results, in terms of the applied force versus the CMOD, obtained with the U4n ele-
ment, the original S4n element and the modified symmetric M4n and E4n elements, as well
as the experimental values from the above reference, are presented in Figure 5(d). Again
the dramatic improvement, in terms of the numerical stress-locking effect, obtained with the
devised strategies in comparison with the original symmetric element S4n can be observed.
Also the iso-displacement curves shown in Figure 5(e) display a modelled discontinuity that
matches very well the experimental crack.
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Experimental
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m a _ Oy=3 MPFa g/ I | Aﬂo
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o . : < 1 200 | I
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Figure 5. Notched specimen: (a) geometrical model; (b) imposed external loading along time; (c)
observed crack in the experimental test; (d) load F; vs opening displacement d for different finite
elements; and (e) displacement contours (d =0.04 mm).

7.3. Three point notched beam

We consider now the three point notched concrete beam, in plane strain, shown in Figure 6(a).
Experimental data for this test have been presented by Peterson [28].

The concrete post-critical behaviour is modelled by the same isotropic continuum damage
model than in Reference [15]. The material parameters are taken: £ =30580Mpa, v=0.2 and
the fracture energy Gr= 126 N/m. The tensile strength is taken g, =3.4 MPa. The width of
the specimen is =100 mm. The mesh consists of 615 quadrilaterals refined near the notch
tip.

A crack opening in mode I is expected to develop from the notch tip, propagating in the
vertical direction through the beam, as shown in Figure 6(b). The plots in Figure 6(c) and
(d) correspond, respectively, to the load F' vs the vertical displacement ¢ curves using linear
and exponential softening laws.

Once again the striking behaviour already observed in the previous simulations can be no-
ticed: the M4n and E4n elements dramatically reduce the stress-locking phenomenon exhibited
by the original S4n element, and provide a response that is very close to the one obtained
with the non-symmetric (U4n) element.
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Figure 6. Three points notched beam: (a) geometrical model; (b) discontinuity path; (c) results for
linear softening; and (d) results for exponential softening.

8. CONCLUDING REMARKS

Throughout this work we have explored the possibility of using statically consistent symmet-
ric elements with embedded discontinuities to capture strong discontinuities. As a matter of
fact it has been shown that the use of mixed (M4n element) or assumed enhanced strain
(E4n element) techniques contribute to substantially alleviate the strain-locking phenomenon
appearing in the original S4n element.

In essence these techniques are intended for recovering the capacity of the non-symmetric
element U4n to reproduce rigid body motions of the portions of the elements split up into
by the discontinuity, while keeping the symmetric character and variational consistency of the
original symmetric S4n element.

An important issue, that has not been addressed so far, is the stability properties of the
derived elements. It is well-known in the literature that the use of mixed element techniques
[28] and assumed enhanced strain techniques [24] may introduce spurious singular modes
whose propagation through the finite element mesh can destroy both the reliability of the
solution and the convergence of the non-linear problem. For instance: it is known that the
four-noded element with reduced integration (one sampling point) considered here in element
M4hn, leads to the development and propagation of the so called hour-glass spurious modes
[22]. Also the linear re-enhancement modes, ége) in Equation (76), considered for the E4n
element do not fulfil the stability condition (745 N 7. ={0}) [24].

However, there is a crucial aspect in the way that the elements derived in this work are
implemented and that makes their stability behaviour very different from the classical ones.
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Throughout this work, those finite element formulations have been derived and presented
for the BVP in rate (incremental) form (see Equations (4), (45), (72) or (80)). This allows
to consider the problem as a sequence, along time, of incremental problems, each one having
its own finite element formulation. As a matter of fact the implementation is done in such a
way that the modifications on the basic element S4n that lead to the derived elements M4n
and E4n, are effective only for the band of elements that captures the discontinuity and only
beyond the time that this discontinuity appears. The elements outside this band behave as the
original S4n since they do not exhibit the stress-locking problem that the modified elements try
to overcome. This decreases the number of elements affected by the reduced integration or re-
enhancement techniques to a single band of essentially one element bandwidth. Consequently
the development and propagation of spurious instability modes are extremely restrained. In
addition, the computational costs associated to the presence of new degrees of freedom (for
the re-enhancement strategy) are then very small.

Although specific stability analyses have not been conducted in this paper, and they are left
for subsequent works, during the numerical simulations presented above, and others carried
out during this study, the possible instability modes have not been observed and have not
placed special difficulties on the numerical procedure. However, the authors are aware that
this cannot be generalized to any type and size of the problems, and that specific studies on
the stability issue should be carried out in the future.

Also the possibility of using some of the developed elements to dispense with the discon-
tinuity tracking algorithm should be explored in subsequent works.
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