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This paper focuses on two improvements of the extended finite element method (X-FEM) in the context of linear fracture
mechanics. Both improve the accuracy and the robustness of the X-FEM. In a first contribution, a new enrichment strategy
is proposed to take into account the singular stress field at the crack tip that is meant to replace the traditional four-crack-tip
enrichment functions. The efficiency of the new approach is demonstrated on mesh convergence experi-ments for two-
dimensional straight and curved crack problems, using first- and second-order shape functions, both in terms of convergence
rates and in terms of condition number of the system to solve. The second contribution revisits the problem of the numerical
integration of the stiffness operator when singular functions like the tip enrichment functions are used. An original algorithm to
build accurate and fast integration rules for elements in the enrichment zone, touch-ing the crack tip singularity, or not, is
presented. The effects on convergence rate of the choice of the integration rule are illustrated on numerical examples.
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1. INTRODUCTION

The paper presents some improvements to the extended finite element method (X-FEM) in the context of linear
fracture mechanics. The goal is to provide better convergence rate and robustness to the method. Most FEM industrial
codes provide up to a second-order finite element, with a corresponding optimal secontl-cvdeergence rate of

the energy norm error when applied to regular problems. The X-FEM, beyond relaxing the constraint on the mesh,
also has the potential to reach optimal convergence rate in the presence of a stress singularity such as a crack. It is
generally considered achieved when first-order shape functions are usgie{it al., 2005; Laborde et al., 2005).

Using a geometrical enrichment strategy and a sufficiently accurate integration rule, a first-order convergence rate
has already been demonstrated. Moving to higher order while keeping the optimal convergence rate is much more
difficult. This is our ultimate goal and the contributions of this paper are steps toward that goal.

The outline of the paper is as follows: In the first section, the X-FEM modeling strategy for cracks is briefly
recalled, with references and comparisons to the variants introduced by the generalized finite element method (G-
FEM). Special care is focused toward the definition of the enrichment zone, either topological or geometrical. In this
first section, the vectorial crack tip enrichment strategy is be presented, along with some details on its implementation.
The second section is devoted to the analysis and the construction of a new quadrature rule meant to reduce the
integration error in the stiffness matrix, due to the presence of singular terms coming from the tip enrichment functions.
In the last section, the proposed improvements are tested on some benchmarks where high-order accuracy is achieved.
Optimal order of convergence is obtained, for both first- and second-order shape functions, with a reasonable condition
number for the stiffness matrix, compared to the previous method. Lastly, taking advantage of the structure of the
vector enrichment functions, a very fast stress intensity factor extractor is presented. Its usefulness as compared to
G-theta domain integral methods is discussed. Finally, the paper ends with some conclusions.



2. THE X-FEM MODELING OF CRACKS
2.1 Problem Statement

We place ourselves within the context of linear elasticity. On a discretized ddifaiwhereh is a discretization
parameter (element size) boundedIBy, the weak form of the discretized equilibrium equations may be written as
follows:

Find u”, the discretized displacement fietdV", such that

B(u",v")dQ = / L(v")dIvw" € Vi (1.1)

Qh Iy

whereV" is the trial space for the displacement field, over the mesh that discretizes the dontiaai fulfills the
Dirichlet boundary condition o, and V/ is the corresponding space with a homogeneous Dirichlet boundary
condition.B is a bilinear operator, defined B{u, v) = V*u”" : D : V*v", whereV~u is the symmetric part of the
gradient tensor ofi (e.g., the linearized strain tensor), ddds the fourth-order elasticity tensdt.is a linear operator
corresponding to the Neumann boundary conditiod'pn L(u) = t.u, wheret represents the prescribed tractions
known onl’;.

The domaint is then cut by a traction-free crack. In the context of X-FEM, the mesh does not conform to the
crack and alternative representations for the geometry of the crack need to be used.

2.2 Geometric representation of the crack

The modeling of three-dimensional (3D) cracks not aligned with the mesh using the partition of unity was first devel-
oped in Sukumar et al. (2000). The description of the crack location was explicit in this paper.

Later, in Mc&s et al. (2002), a more flexible level set representation was introduced, the representation used in
the present work, which we describe in the following. The crack location is given by two level sets. The normal level
set,ls,,, corresponds to the signed distance to the crack surface. The tangential ldvgksetesponds the signed
distance to the front (or to be more precise, the distance to a surface passing through the front and orthogonal to the
crack surface). The crack front is given by the set of points werelbptéindls; are zero, whereas the crack is given
by the set of points for whicks,, = 0 andls; < 0. The iso-zero of the two level sets are depicted in Fig. 1 close to a
crack front portion.

]St:U

FIG. 1: Level set representation afcrack and definition of the local axis along the crack front.



Numerically the level setarediscretized as a linear finite element approximation, over the mesh that is used for
the computation of the displacement field. It is, of course, possible to use another mesh to represent the level set. For
example, it was proposed to represent the level set on a finer mesh, or on a structured or octree type of mesh (Legrain
et al.,, 2012; Prabel et al., 2007; Sukumar et al., 2008). The latter versions are sometimes more memory efficient,
and more efficient propagation algorithms can be used to update the position of the crack when performing crack
propagation analysis. Using an implicit representation of the crack such as the one presented, has some drawbacks.
Indeed, the crack surface, if simple enough, could be described by a parametric surface, or by a mesh. The memory
cost of such a representation would be in most cases much smaller than the cost of representing two discrete level sets
over a whole mesh. Those claims could nonetheless be more balanced, since the level sets need only to be defined in
a narrow band containing the crack surface (Osher and Fedkiw, 2002; Sethian, 1999).

In the context of crack propagation, the crack front represented by the levs| &etble to take any topology.
Updating a mesh of the crack front, on the other hand, can be more difficult.

2.3 Crack Tip Enrichment: Classical Version

The commonly used X-FEM approximation field is as follows. If no crack is present, the displacementfigtler
the body located if2 is approximated by

u’(x) = Z ZNI(X)UIiEi (1.2)

i€[l:dim] IEN

where is the set of all nodes in the mesN; are the classical’® shape functions, and;; are the displacement
degrees of freedom attached to nddm directionE;, where theE; form a global orthonormal basis, adm is

the number of spacial dimensions of the problem. Introducing a crack in the mesh yields the following enriched
approximation:

wx)= Y Y N®unEi+ > > Ni(x)H[lsy(x)]hrE;

i€[l:dim] IEN i€[1:dim] T€Nerack

+ Y YT D Ni(%) Fullsa(x), 180 (x)]ari«Ei (1.3)

i€[l:dim] IENp o
in which

— Nerack is the set of nodes whose support (union of the elements connected to the node) is completely cut into
two by the crack. These nodes are enriched by the generalized Heaviside function:

H[lsp(x)] = sign|ls, (x)] (1.4)
sign(xz) = =1if x <0, sign(z) = +1ifz > =0.

— Niip is the set of nodes enriched by the tip enrichment functions:

[Fo] = [ﬁsin g, \/7 cos g, \/7sin g sin 0, /7 cos g sin 9] (1.5)

/ Isy
r=1/lsy* +1s;?, 0 =tan"! (1;) (1.6)

— hy,; are the degrees of freeda@ssociatetb the Heaviside enrichment function attached to nbde directioni.

where

— ar;« are the degrees of freedom associated taxdticeack tip enrichment function attached to naden direc-
tions.



ThesetV;;, must at least contain the nodelosesupports touch the crack front. Similarly to what was introduced
in Béchet et al. (2005) and Laborde et al. (2005), we can distinguish topological and geometrical enrichment. We
denote byVee°(R) the set of elements for which at least one node is at a distatcehe crack front smaller or
equal toR. The distance is computed by Eq. (1.6). We denote By°P°(n) the set of elements composindayers
of elements around the front. The precise definition of the layers follows. The first layer contains all the elements
touching the front. The second layer is defined as the elements connected to the nodes of the elements of the first
layer. The third layer is defined as the elements connected to the nodes of the elements of the second layer and so
on. For all the numerical examples presented in the presented here, we use the geometrical enrichment strategy where
N,p is the set of nodes df &«°(R). It was shown, for example, iné&het et al. (2005) that it was required to obtain
an optimal rate of convergence in energy error norm. For the rest of the paper, we refer to the use offihecfaak
tip enrichment functions as trezalar enrichmenbr scalar tip enrichmento differentiate with the new enrichment
that is presented in the next section.

2.4 Crack Tip Enrichment: Updated Version

2.4.1 Presentation

In the present paper we propose to investigate an updated version of the X-FEM enrichment we just discussed. The
main difference is that instead of using the fdty scalar enrichment functions, we propose to use tkigevector
enrichment functions. Equation (1.3) then reads

ux)= Y Y NEunBi+ > > Ni(x)H[lsy(x)]hrE;

i€[l:dim] IEN i€[1:dim] T€Ncrack
+ Z ZNI(X)ch[lsn<X)7lst(x)]altx (17)
IeNp «

In this updated version, only the last sum differs slightly. Tlag are now scalar degrees of freedom and the vectorial
nature of the displacement field is embedded in the enrichment functions. We make the choice to use three vector
enrichment functions that are a dimensionless version of the three Irwin asymptotic opening modes (Irwin, 1957).

K; = /7 cos g(K — cos 0)[er(x) + ex(x)] (1.8)
Ky = /rsin g(K + 2+ cos 0)e; (x) + /7 cos g(K —2cos0)ez(x) (1.9
K3 = \/Fsin geg(x) (110)

wherek = 3—4v, with v the Poisson ratio, in 30r the plane strain case.

2.4.2 Bibliographic Discussion

While the idea of using these enrichment functions seemed original to us at the time of development, further review
of the bibliography showed that the idea was already used in a similar form in the G-FEM context. While G-FEM and
X-FEM methods appeared approximately at the same time and were both applications of the partition-of-unity method
and were both applied to the modelization of cracks, they were initially quite different. The two methods evolved since
then borrowing ideas from each other to the point that it is difficult to distinguish them now (Belytschko and Fries,
2010). If we refer to early applications for cracks (1999, 2000) the introduction of discontinuity inside an element was
done using a discontinuous partition of unity in the G-FEM, while in the case of the X-FEM, the discontinuity was
introduced via Heaviside enrichment multiplied by a linear, continuous partition of unity. In the original G-FEM, the
displacement space is defined as

u= Zqz'fbi(l“)Ni (1.11)



wherethe ¢, (z) are constructed from Shepard functiosingthe visibility criteria, and theV; are the classical finite
element shape functions. In the original X-FEM the displacement space is defined as

w=>"qN;+ Y hiN;H[ls, ()] (1.12)

where theN; are the classical finite element shape functions Anid the Heaviside function, defined on top of the
normal level set that gives the distance to the crack surface. More recent papers in G-FEM seem to have adopted a
formulation closer to X-FEM, where the discontinuity is now introduced via the enrichment. Enriching the elements
touching the crack tip directly with vectorial functions that are the asymptotic expansion of the exact solution ap-
peared, to our knowledge, in G-FEM in Duarte et al. (2000), where it was applied to describe corners or wedges and,
at the limit when the angle goes to 0, cracks. The discrete displacement field is enriched around a corner using vecto-
rial functions that are directly the asymptotic expansion of the exact solution. In this paper, the mesh was conformed
to the corner. In the following paper (Duarte et al., 2001), the method is explicitly applied to cracks and the “WA’
criteria is used to choose a node enriched by the asymptotic expansion. WA criteria refer to “wrap around nodes,” e.g.,
all nodes belonging to elements that intersect the crack front. At this time, the enrichment is therefore only “topo-
logic” in our designation. The enrichment proposed in this paper is indeed the same as the one proposed in Duarte et
al. (2000), but at the time of this paper, the need to have a geometric criteria instead of a topological in order to get
optimal convergence order was not yet realized, and the idea of using a level set to represent the crack was not used. In
a more recent paper (Pereira et al., 2009), the same group proposed another enrichment strategy, inspired by the initial
one, where the three vectorial asymptotic displacement field functions are split in six enrichment functions according
to the tangential and normal directions. This approach permits the precise description of the direction of the crack
to be avoided, while still limiting the number of degrees of freedom per enriched node to 6 (to be compared to the
12 enrichment functions with scalar enrichment). In this paper, the author used topologic enrichment, claiming that
geometrical enrichment only works for planar crack. As shown in the examples Section 3, the geometric enrichment
works perfectly in our case, even for nonplanar cracks. Until now, all papers that model crack using the X-FEM and
crack tip enrichment used the basis proposed initially, i.e., the four scalar enrichment functions 1.5, applied separately
in each space direction. In view of the bibliography, the originality of the present paper is therefore not to use the
presented vector enrichment functions, but rather to use them in the context of geometrical enrichment, based upon a
level set representation of the crack and realizing the consequences on the conditioning of the stiffness matrix, while
showing an optimal rate of convergence for both straight and curved cracks.

2.4.3 Implementation Issues

The three vector enrichment functions (1.8—-1.10) are defined as a function of the local crack basis, that, in general
depends orx. Therefore, to ensure continuity of the displacement field, at first sight, it seems that the local basis
has to be defined continuously over the enrichment zone. It would mean that one needs to build from the gradient
of the discretized level set, a continuous field of moving local basis. Furthermore, when computing the gradient of
the proposed enriched function, a curvature tédy; ) /«; would appear. Even if this term might be neglected when

the curvature of the crack is small compared to the element size in the enrichment zone, it seems a difficult task to
implement a robust version using this point of view. In fact, we propose a much easier alternative. We propose to define
a local crack basis discretization per enriched node. This local basis needs only to be defined over the support of the
enriched node. Since the enrichment function associated to an enriched node is multiplied by the finite element shape
functions associated to the node, the resulting function is always zero on the boundary and outside of the support.
This alleviates the continuity constrain over the local crack basis discretization: for each enriched node, its associated
local crack basis discretization needs only to be continuous over its support, resulting in an overall continuous field. To
simplify the discretization even more, we choose a constant approximation of each local crack basis per enriched node
over the node’s support. This permits the computation of the curvature term to be avoided. Figure 2 illustrates a typical
situation. On this small mesh, suppose that only nodes A and B are enriched. When computing the stiffness matrix on
the gray element, the contribution of the enrichment of node A and B must be taken into account. When computing
the enrichment attached to node A, we use the local basis defined for the support of node A, and respectively, when



FIG. 2: The support of two nodegarge dot), with two local basis, one belonging to each node.

computing the enrichment attached to node B, we use the local basis defined for the support of node B. The number
of local basis defined over an element is equal to the number of supports of enriched nodes this element is a part of.
The enrichment function is now a function of the enriched node. This is reflected in the following rewriting of the last
term of Eq. (1.7):

DY N, [Isa(x), 15 (%) ara (1.13)

IeENsip «

where the dependence of the enrichment function on the node it is attached to appears clearly, and where

0
K! = /rcos §(K7COSG)(G{+G£) (1.14)
I . 6 I e I
K5 = /rsin §(K + 2+ cos0)e; + /1 cos §(K —2cos0)e; (1.15)
0
K. = \/rsin §e§ (1.16)

wheree! is the discretized value of thigh basisvector of the moving local axis, at nodeIn our implementation of
the X-FEM, the two level sets are discretized with linear shape function over the mesh. We can therefore compute their
gradient, constant in each element, and from them construct a constant orthogonal basis per element that approximates
the local crack tip axis. But we need a constant value per support. To obtain this value, we simply take the weighted
average of the constant gradients over each element in the support of the enriched node, and from these values,
construct an orthogonal basis. This scheme is very efficient and easy to implement.

This concludes our first part. We reviewed the X-FEM for linear fracture mechanics, covering the representation
of the geometry and proposing a different crack tip enrichment strategy. Our vector enrichment strategy is tested and
discussed more in part 3, but first we must cover the problem of the integration of the elasticity operator (the stiffness
matrix) over enriched elements.

3. INTEGRATION RULE

Integration of the bilinear fornB(v",u"), for each enriched element, is known to be problematic. Indeed, leading
terms of the expression to integrate include terms sudhiadue to the tip enrichment, and the functions to integrate



arediscontinuous across the crack surfalcethe context of two- or three-dimensional problems, there is no hope

for an exact integration of the bilinear form over a tip-enriched element. Numerical integration is, of course, needed.
From the start of the X-FEM, some papers already tried to deal with this issue: how to obtain an efficient integration
scheme so that the error in the integration of the bilinear form doesn't pollute the results so much as it degrades the
convergence properties. Recent references on the subject are, among dthkesd, a8 al. (2005), Park et al. (2009),

and Mousavi and Sukuvar (2010), which used ideas developed outside of the X-FEM context in Duffy (1982) and
Nagarajan and Mukherjee (1993). The first step was to cut the element to integrate into a series of cells along the
crack surface and then use classic Gauss-like integration rules over each cell, usually of higher order than the rule
needed to integrate classic terms. This permits us to have exact integrations of terms that come from classic shape
function and Heaviside enrichment, but leaves in most cases, many errors for terms that involve the tip enrichment
functions. The situation was improved when special integration rules where used for cells that have one node on the
crack tip. We think that this approach is not always sulfficient. In the present paper, we propose and implement, starting
from a singular mapping for singular elements, a new strategy that permits all the enriched elements to be integrated
with high precision, not only the ones that touch the crack tip, for the two-dimensional case.

3.1 Fundamental Background — Integration of Weakly Singular Functions Over a Segment

In the present section we analyze a very simple one-dimensional case in order to explain the problems we want to
cope with in the more general case. Integration of a function over an interval using a Gauss-Legendre rule is known to
converge exponentially to the exact solution if the function to integrate is reguta).(& our case, we are interested

in the computation of functions with a singularity, or a singularity in one of their gradients, at the position of the crack
tip. To start the analysis, let us consider the quadraturg¢/ @f|) over the interval—1: 1], using Gauss-Legendre

points. Since the function has indefinite derivative at zero, the error in the integral does not converge exponentially.
A first improvement would be to cut the interval at poirt 0 and perform a numeric integral ovierl : 0] and then

]0: 1]. As can be seen in Fig. 3, in the first case, the error oscillates while slowly converging to zero with the number
of points: in the second case, the convergence is still slow, but does not oscillate anymore. This first basic observation
will motivate the choice of cutting the elements into cells that can contain the singularity only on their corner, not
inside. Let us now pursue the analysis by considering the quadratyfe ofer the intervale : 1 + €] with € > 0.

Onthe left side of Fig. 4, we report the relative error of the quadraturgofisa function of the number dbauss-
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FIG. 3: Integration error o

(|lr|) over[-1: 1].
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FIG. 4: Integration error of\/(||r||) over [e, 1 + €]: (left) direct Gauss-Legendre integration, and (right) Gauss-
Legendre integration after change of variable (2.1).

Legendre points used far ranging from 1 to 0. For large, the quadrature rule converges exponentially with the
number of Gauss points, but agoes to 0 the error becomes higher and higher for the same number of Gauss points.

At the limit whene goes to 0, the exponential convergence is lost and a very slow power law rate is obtained. The
important point that we want to make is that in fact, as long as0 the convergence is indeed exponential, but as
becomes smaller, one needs more and more points to see the effect of the exponential convergence. It appears linear.
Of course the integral can be computed after a change of variablg? so that the integrand becomes regular on the

full integration interval:

b Vb
/ Vrdr = / 2y dy (2.1)
a va

Numericalintegration on the right-hand side thprovides excellent results, since the exact result, up to round-off
error, can be obtained with the two points Gauss-Legendre rule (see Fig. 4, right).

The difficulty in integrating the term of the bilinear form associated with the crack tip enrichment functions was
of course noted in numerous paper£¢Bet et al., 2005; Mousavi and Sukumar, 2010; Park et al., 2009) and are
founded on a change of variable that cancels the singularity. But exceptimeBet al. (2005), only the cases where
the singularity is at an integration cell vertex (and/or along an edge of an integration cell in three dimensions) are
treated. In Bchet et al. (2005), a solution is proposed: a triangular cell is replaced by a superposition of three cells.
Each of the cells has one of its nodes on the singular point, and the two others are two nodes of the original cell.
The paper reports good results in this case, but this strategy implies the use of evaluation points that are outside of
the original element, which limits its application and increases the total number of evaluation points. Outside the last
mentioned strategy, we found no special treatment in the X-FEM or G-FEM literature applied to cells close to the
crack tip, which do not contain the crack tip. If nothing special is done for those cells, the quadrature will converge
very slowly. We propose here a new integration scheme, also based on a change of variable, but we extend it to the
case where the crack tip does not coincide with a node of the cell.

In order to benchmark different integration strategies, in a first step we compute the stiffness matrix of one two-
dimensional element and compare it with a reference solutionKebe the stiffness associated with element
obtained using an integration strategy, dsfl be the reference matrix. In the following we use- as our error
measure, whererr = (||[K§ — K¢||«)/(||K¢||) and||A ||« = max{|a;;|}. The reference matrix is obtained using an



adaptve integration schemeubt on top of the functiorysl_integration_qgags provided by the Gnu Scientific
Library (GSL) (Galassi, 2009). This function uses an adaptive algorithm to integrate a scalar function over an interval,
until the estimated error is less than a threshold provided by the user.

3.2 Partition of the Elements

Starting with early X-FEM papers (Mis et al., 1999), the elements are cut along the crack front into a partition of
cells that does not cross the discontinuity, and then Gauss-like integration rules over the triangular cells are used.
In this part we want to discuss the splitting strategies that produce the integration cells thatgartitien of the

elements so that each cell is in one of the quadrant of the crack coordinate system. This is the analog to what was just
presented in our first improvement of the one-dimensional case.

In the present work, we use the integration scheme over the triangle as can be found in Solin et al. (2004), where
optimal rules over the triangle are given, classified by the polynomial order they can integrate exactly. We only used
among these rules those which do not have negative weight nor point outside of the reference element. Table 1 gives the
number of integration points for each polynomial order. For all the following integration benchmarks, the coordinates
of the triangle nodes are given with respect to the crack tip coordinate system. The first results we want to discuss are
results for which the crack tip are inside the element (case 1 in Table 2). The element is partitioned along the crack as
in Fig. 5, according tds, for case 1a (Fig. 5, left) and accordinglsq andls; for case 1b. In case 1b, the element is
first divided in three cells by triangulating the element, after a cut alang 0, then each cell of the first partition is

TABLE 1. Number of integration points (nbpt) as a function of highest-order
polynomial integrated exactly over a triangle, following Solin et al. (2004)

Order |1|2|3|4|5| 6 |8] 9|10|12|13| 14| 17| 19
nbpt | 13|46 |7|12|16|19| 25|33 |37|42|62| 73

TABLE 2: List of case tested fahedifferent integration rule

Case z0 20 xl yl z2 y2
Casel -1/3 | -1/3 2/3 -1/3 -1/3 2/3

Case2 0 0 1 0 0
Case3 0 0 10 0 0
Cased 0 0 100 0 0 1

. AN

(1) cut alongls, =0 (2) cut alongls,, = 0, thenls; =0

FIG. 5: Partition of an element in an integration cell. Thick line: the crack. Black dot: the crack tip.



furthertriangulated after a cut alorigg = 0. Thegoal here is to divide the element so that each cell is forced inside one

of the quadrants of the crack coordinate system. Of course, this partitioning strategy is not the optimal one to achieve
these properties, but it has the advantage to be built around the preexisting cut primitive to cut along the iso-zero of
one level set. In case 1b, we therefore end up with a total of nine integration cells. With the last splitting strategy, a

cell belonging to an enriched element can touch the crack tip with one of its nodes. In this case wesiafjutar

cell, or the crack tip is strictly outside the cell and we call this celleakly singular cell.

Error in the local stiffness matrix, as defined above, is plotted as a function of the total number of integration points
over all the cells for the two cutting strategies as reported in Fig. 6 [For example, for the order 1 rule (one point per
cell), we have three points in case 1la and nine points in case 1b]. In both cases, the convergence rate is slow. In case
la (one cut), the convergence is not even guarantied; one can see that the error oscillates from one integration degree
to the next. Even if the cut was not optimal (we integrate over nine cells), the error in case 2b is constantly less than in
the case of one cut, at equal number of points. The convergence, while still slow in case 1b, oscillates much less than
for case la. The previous experiment has been repeated for different relative positions of the crack tip and various
element shapes, and it always shows an improvement when the elements are clt,atof@g@ndls; = 0. This is
related to the fact that by cutting the element twice, the singularity can only be on a vertex or strictly outside a cell. In
the following, the integration algorithm using the second partitioning strategy and the regular Gauss-like integration
rule over the resulting triangle is call@drtition integrationand is parametrized by the order of the integration eule
used for each cell.

3.3 Treating the Singularity

As seen above, partitioning the element into a suitable partition of cells improves the situation by confining the
singularity on a corner of a cell. For all elements in the enrichment zone, there are terms in the fgrmnlghL(r),

\/@, r which are singular or singular in thegradientfor » = 0. In the literature, such singularity is already treated
properly for a cell which has one node on the singularity. In most cases, the authors used changes of variables before
performing the integration that renders the integrand regular. Among those changes of variables, we concentrate on
the one proposed in&het et al. (2005). First, a cell with a node on the crack tip is mapped via a linear mapping to a
reference element that has the crack tip on its first node. Let usdareln the coordinates in the reference element.

Then the following change of variable is applied:

1l} = T E|
E 2 cut regular E
E 1 cut regular . - -
1t -
s ]
g
2 o1f - -
| E 3
8 C ]
001 -
0.001 !
1 10 100 1000

number of integration points

FIG. 6: Max norm of relativestiffness matrix error for case 1, with one or two cuts.
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£= 5[l —sinh(n)], = Sp°[1 +sinh(v) 2.2)

wherep takes values if0 : 1] andt in {-In[1+ v/2] : In[1 + v/2]}. The change of variable defin@Eq. (2.17) can

be seen as a map between the rectafifle—In(1+ v/2)], [1, -In(1 + v/2)], [1, +In(1 + v/2)], [1, +In(1 + V/2)]}

in the (p, T) plane to theriangle[(0, 0), (1, 0), (0, 1)] in thg&, 1) plane, as represented in Fig. 7. Note that the grid
represented in the triangle is made of the isolineg ahdt. The singular point A in the triangle is the image of the
line p = 0. This change of variable is very close to a polar change of variable, whaags the role of the angle and
wherep is close to the square root of the radius.

This change of variable was built with the previous consideration in mind and so that the domain that represents
the triangle in the, T plane is a simple rectangle, where it is easy to build an integration rule by using a tensor product
of Gauss-Legendre rule in each direction of thet) plane. This is exactly what is done in our next numerical experi-
ment. We integrate the stiffness matrix for an element which corresponds to the reference element with the singularity
at the first node (case 2 in Table 2), for different numbers of Gauss-Legendre points using the presented change of vari-
able, and compare using regular integration points over the triangle. The one-dimensional Gauss-Legendre rules used
to build the two-dimensional rules are rules starting at one point and ending at ten points. The number of integration
points for the two-dimensional rules therefore range from 1 to 100.

Figure 8 reports the error in the stiffness matrix as a function of the total number of Gauss points. The results
are of course much better using the change of variables. We can observe an exponential convergence rate. The error
reaches a value of 7.28 10~ for 81 points and 7.406& 10! for 100 points, while the classic integration rule of
highest order on the triangle just reaches 97703 with 79 points.

Unfortunately, even for the case where one node is exactly singular, the results are not always good enough. Even
if the change of variable always improves the situation, the fact that the change of variable is done with regard to
a reference element in order to always have a known rectangular domain on which to develop the integration rule
can induce a relative loss of efficiency when the cell on which one wishes to integrate has a high aspect ratio (the
shortest edge is much smaller than the longest edge), as can be seen in the following experiment. Cases 2, 3, and 4
from Table 1 are tested; they are all elements with the first node at the singularity, the third node at (0, 1), but the
second node is at = 0, andz is respectively set td, = 1, L = 10, andL = 100. The goal of the experiment is here
to relate the aspect ratio of the cell to the accuracy of the integration rule. As can be seen in Fig. 9, the quality of the

t c

In(1+ v2)

—En(1+v’§| B
0 o 1

Y

FIG. 7: Change of variable according Ex. (2.17) for a cell with a singular node.
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FIG. 8: Error in stiffness matrix marormfor case 2, comparing regular integration with Gauss-Legendre integration
using a change of variable 2.17.
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FIG. 9: Error in Stiffness matrix max norffor cases 2, 3, and 4: with a varying aspect ratiex(x)/ max(y) using
change of variable 2.17.

convergence is clearly degraded by the high aspect ratio. This point is, in fact, very important for the robustness of
the overall method. Indeed, since the mesh is not related to the crack, the positions of the nodes relative to the crack
type will dictate the shape of the integration cells. Even with a very-high-quality mesh, the cells can have a very bad
aspect ratio. It happens if one node of the mesh is very close to the crack surface. Therefore, even for the case where
one cell node is on the crack tip, the strategy proposed in most papers suffers from robustness issues even when using
a special integration scheme of the type we just presented. But the situation in the particular case of a node on the
crack tip, as we will show, is going to be improved by the general approach that we develop in the following.
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3.4 Treating the Singularity for  All Enriched Cells: the Algorithm

We have just shown that even when one node of a cell is on the crack tip, singular integration schemes are insufficient
to get a rapid and robust convergence of the integration of the stiffness matrix. But perhaps more importantly, we
also need to consider the case where the crack tip is outside of the element but still close to the element. This case
is analogous to our one-dimensional analysis where the singularity was outside of the integration domain: even if the
singularity is outside, the convergence rate is very slow if no change of variable is applied. So far, all the integration
schemes that we used were found in the literature. In this section, we develop what we think is a new contribution
to the field. After the discussion about the partition of the elements, we place ourselves in a framework where a cell
is always in one of the quadrants of the crack coordinate system. Furthermore, we propose that a cell has to be in
the positive quadrant:(> 0 andy > 0). If this is not the case, the cell is first mapped to the positive quadrant by
reversing one or two of its node coordinates. No further mapping to a reference element is applied, contrary to the
scheme presented in the previous section. Indeed, since the singular point can be outside of the element, there is no
gain to apply any such mapping. We then consider the same change of variable but directly applied to a triangle in
crack the coordinate system (positive quadrant).

v = 20?1 —sinh(x)], y= 2p°[1 + sinh(v) (2:3)

The domain that represertteetriangle in the(p, T) plane can have a variety of shapes. If no node is on the crack tip,
the shape in thép, T) plane is a curved triangle. When a node of the triangle is continuously moved to the crack tip,
the curved triangle looks more and more like a quadrilateral with one straight edge 6rat the end of the motion.
Figure 10 gives some examples of the effect of mapping for some typical cell.

We now wish to integrate the stiffness matrix after having performed the change of variable by mapping Gauss-
Legendre points on the unit square to the triangle in(the) plane. Fortunately, in order to perform this task, we can
count on some properties of the change of variable. First, the change of variable can be inverted for all points but the

2~ 14— 1
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FIG. 10: Effect of the change ofariable (2.3) on some cells. Top: cell in the, y) plane, Bottom: corresponding
cell in the(p, T) plane.

13



singularpoint, which means that by kmong the coordinater, y of a point in the(z, ) plane, the coordinates t
can be computed as

Vvl (zy) = (po1) 220 y>0 2+y>0, p=+zty, T:arcsinh(m) (2.4)

Let us now consider a genent[AB] in the (z,y) plane. This segment is mapped on a curve on the)(plane, for
which the graph and its derivative can be computed.det, 45, andy ap be three constant values computed as
follows from the coordinates 4, y4 andxp, y5:

oap = (va+2p)(yB —ya) — (Ya +yB)(rp — za) (2.5)
Bap=za—Tp—ya+ysB (2.6)
YAB =TA — 2B+ YA —YB (2.7)

The segmenttA B is described by the following curves 5 (T) and derivativep’, 5 () in the(p, T) plane, ift4 # Tp:

XAB

= 2.8
PA5 =\ Ban + v ap sinh(7) @8)
pap = ) 03y 4 cosh(T) (2.9
XAB
Alternatively, it can bedescribedy the curver(p) and derivativer’(p) if pa # pp5:
Tap = asinh(—Bap/oap + xap/Bapp ?) (2.10)
—20 1
i AB (2.11)

" Bapp? V1+ (—Bap/oap + xap/Bapp—2)2

An importantproperty of the curve 45 () is that it is monotonous in for all points of the segmerAB] in the
positive quadrant [respectivelysz(p) is monotonous irp]. It means that the curve representing one edge of a
triangle in the(p, T) plane is increasing or decreasing, exclusively. This property will be used very shortly.

In a first step of our algorithm to build an integration rule over the image of the triangle {p thgplane, we first
classify each edgpAB] according to the value of, 5 (p) along the edge. If locally’, 5 (p) is in [-1 : 1], then the
tangent of the curve is labeled to be “along” thdirection; otherwise it is labeled to be along thdirection. Since
the curve for one edge is monotonous, only four situations can occur for the “direction” of the edge, depending on the
value oft’, 5(p) at the extremitiest and B of the segment:

i (Typ(pa) € [~1: 1]) and (¥ 5(pp) € [~1: 1))
i (Thp(pa) & [~1: 1)) and(t 5 (ps) ¢ [~1: 1])
i, (¥yp(0a) € [~1: 1)) and(¥y 5 (ps) ¢ [~1: 1)

iv. (Tap(pa) & [-1:1])and(t)yz(pp) € [-1: 1))

14



In case 1, the edge is sailbe in thep direction, and in case 2, the edge is said to be inttdeection. In cases
3 and 4, there exists one and only one paihbn the edgdAB], such as we have, ;(pay) =1 or v’y 5(pap) = —1.
We call this point a cut point, and it can be found easily by using any root solver. In such a case, the edge is split
in two parts, each part with one properly defined direction, either t. Therefore for any triangle, by eventually
splitting each edge at most once, we can construct a list of at most six edge parts. Each edge part is aligned either
in the T or p direction. A number of cases depending on the alignment of each edge part(im theplane can be
recognized, but before pursuing, let us include the case where one node of the cell is on the singularity. In this case,
the mapping from thép, T) plane to thgx, y) plane is not invertible for points on the lire= 0. The image of the
singular point of a triangle is a segment in ttpe T) plane along th@ = 0 axis and its direction is. The two edges
connecting the singular point produce two segments for whiishfixed and therefore, their direction gs Only the
image of the third edge of the triangle is curved on(thger) plane. This edge cannot have any singular point, and the
previous formulas can be used with no change to choose its direction or split it and choose the direction of its edge
parts if needed (see Fig. 11). We end up with a list of at most four edge parts in this case, and the algorithm beyond
this point is the same for cells with or without one node on the singular point. To keep the discussion brief, let us first
discuss a typical case as seen in Fig. 12. The triapgfeC') is mapped in the (gr) plane. According to our splitting
rule, the edgeAB] is split in [A ab], which is found to be in the direction, andabB], which is in thep direction.
The edgg AC]| is split in [A ca], which is in thet direction, andca C], which is in thep direction. From these five
edges, we now want to construct a partition of the image of the triangle ifpthe plane so that each subcell is a
curved quadrilateral (or eventually curved quadrilateral degenerated to a curved triangle when two consecutive nodes
are at the same position). But we do not want any curved quadrilateral, we want quadrilateral, so that when traversing
the contour-connected curved edge by the connected curved edge, the direction of edgedges 2 ist, edge 3
is p, and edge 4 is. By imposing these conditions, we end up with a curved quadrilateral, with each edge as much
as possible aligned with thg T coordinate axis. In the case presented in Fig. 12, it is possible to obtain a partition
in two quadrilaterals by constructing one more point: the ppie)t which is the intersection of the cury8C] with
the axist = 74. Note that this point is easy to obtain because we have an explicit equation for thé 8aivie the
form of theppc (7). The two curved quadrilaterals, respecting the direction condition and forming a partition of the
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FIG. 11: Mapping for element of case[®p in (z,y) plane] with subcell splitting irfp, T) plane (bottom).
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FIG. 12: Singular integration scheme.

image of[ABC], are now[A bc C ca] and[ab B be A]. Each of these curved quadrilaterals can now be mapped on a
reference square in th{e, t) plane. The details of the subcell construction algorithm for all the different cases is quite
technical, would take a lot of space, and are not necessary to pursue the discussion. We prefer to directly distribute
the code, which will be freely available upon request.

In the following, we call[A’B’C’"D’] a curved quadrilateral in thg, T) plane, with edgéA’ B'], [B'C"], [C'D'],
and[D’A’] respectively in the, T, p, andt direction, with the the previously defined meaning. This quadrilateral is
mapped to a reference square in thet) plane, such agl’, B’, C’, andD’ are, respectively, the image of (-1, —-1),
(1,-1), (1, 1), and (-1, 1) by

p= %(1 —s)parpr(t) + %(1 +s)ppror(t) (2.12)
1 1
T= 5(1 —t)Tap(s) + 5(1 +t)tpci(s) (2.13)

where the function® 4 p/(t), pprc/(t), Ta s/ (s), andtp.c (s) need to be defined. We detail the construction of
T4/ p/(t) in the following; the three other functions are constructed in a similar way. First note that by construction,
edge[A’ B’] is aligned withp, following our definition —t’4, 5, (p) is in [-1: 1] and cannot change sign being either
positive, negative, or identically zero. If the slope is identically zero, them (s) = T4 = T . Otherwise, we

first definep 4+ 5/ (s) by mapping linearly—1: 1]to [p4’ : pp:]. Then we set 45/ (s) = Ta g [parp (s)]. This is of
course always possible since the curve is monotonous. This mapping is reproduced in Fig. 12. A squésetinishe
mapped on each of the curved quadrilateral subcell of the imag&®€) in the (p, T) plane. On this figure the grid

is defined on the square of thie ¢) plane and is successively mapped on(ier) and(z, y) plane, from right to left.

It is now easy to construct an integration rule: For each quadrilateral ifsthgeplane that forms a valid partition of

a cell, construct a Gauss-Legendre rule which is a tensor product of classic one-dimensional rule. Then compute the
coordinate of each pointin tHe, y) plane by chaining the mapping and the change of variable. The overall algorithm
can be summarized as follows, for a given triangular cell:

i. Compute the direction of each edge in tlpet) plane.
ii. Split edges that need it at the poitf{p) = +1 or —1.
ii. Divide the cell in “aligned” curved quadrilateral.

iv. For each quadrilateral, construct a Gauss-Legendre integration rule using the mapping betwegn el
the (p,T) plane.
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Eachof the steps of the pmousalgorithm, except for the second one, have been fully described. There are a lot
of possible alternatives to achieve this second step, and the implementation can be tedious. The full description of the
second step as we implemented it, for the sake of the tractability of the presentation, is not exposed in the paper. The
code that constructs it, as mentioned before, will be given upon request to the authors. We present and analyze results
of this integration scheme in the next section.

3.5 Treating the Singularity for All Enriched Elements: Some Results

First we show the convergence rate for the elements presented at the beginning of the section, and then we present a
more global benchmark of the integration rule that tests the algorithm for a large quantity of elements.

3.5.1 Integration Error Over One Element

Cases 2, 3, and 4 were designed with various degrees of aspect ratio, as previously described to measure the integration
error when an element or a cell was strictly singular. Results applying the new algorithm are displayed in Fig. 13 and
are to be compared with the previous results using only the change of variable presented in Fig. 13. The results for
case 2, which is the reference element, are exactly the same as results obtained using only the variable change. This
is because no edge split is needed in this case and the integration rule produced is exactly the same. For cases 3 and
4, the results are greatly improved. For these two cases, the edge not connected to the crack tip is split in such a
manner that the algorithm, as represented in Fig. 11 for case 3, produces three subcells aligned witt) thes:
[A1, a1b, be, azaq], [azaq,be, C, As], and[a1b, B, B, bc] (the last quadrilateral being degenerated to a triangle). This
explains the total number of integration points reaching 300 for the highest-order rule used (again, a 10-point one-
dimensional Gauss-Legendre rule). The best rule returns an error as low as 1087! and 3.482x 10~8 for cases
3 and 4, respectively, to compare with the value obtained by applying only the change of variable: &@35and
1.521x 104, respectively.

Case 1, which was first used to compare the merit of two splitting strategies into cells, as can be seen in Fig. 5
does not produce only cells with one node on the crack tip but also produces cells that, in the second splitting strategy,
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FIG. 13: Error in Stiffness matrix maxormfor cases 2, 3, and 4, varying the aspect ratix(z)/ max(y) using
the new algorithm.
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have a singularity close andutsideof the element. Applying only the change of variable is not practicable for those
cells, but the new algorithm is applicable for all the cells. As mentioned before, the splitting strategy produces nine
integration cells, and the new algorithm from these nine cells generates a total(pf)7aligned subcells. This
appears to be a lot, but as can be seen in Fig. 14, this is still an efficient algorithm: The error obtained applying the
one-dimensional 10-point Gauss-Legendre rule (for a total number of 1700 points) reaches an erroxaf@:47

while the best partition integration (for a total number of 9 = 711 integration points) only reaches 9.0430%.

3.5.2 Integration Error Over an Unstructured Mesh

The experiment could be repeated for a lot of elements, with varying shapes and relative positions to the crack tip, but
in the following we propose what we think is a better benchmark that tests at once for a great variety of elements. The
elasticity problem is solved on a square that contains a straight horizontal crack with the crack tip at the center of the
square (see Fig. 15). On the boundary of the square, the tension found by computing the stress of an exact solution for
a crack in an infinite domain is applied. The exact solution of this problem coincides with the exact solution in infinite
domain, inside the square. The square is meshed with an unstructured mesh, and the displacement field is discretized
by using the tip enrichment everywhere, and only the tip enrichment, multiplied by the partition of unity. The only
difference with classical benchmarks used to show/tleenvergence of the X-FEM method, as used, for instance,

in Béchet et al. (2005), is that we use only the tip enrichment functions, and these functions are used everywhere in
the mesh. In principle, if the integration of the bilinear form was exact and if the obtained system of linear equation
was not singular, we should end up with the exact solution, since the exact solution is contained in the enriched finite
element space we just constructed on our square. Our first experiments trying this strategy were unsuccessful when
using what we call the classic scalar enrichment in the first part of this paper. Indeed, when using a weak integration
rule on quite coarse meshes, we were able to obtain some results, with quite high error, but when the mesh was refined
or the integration rule was improved, we often end up with a singular system of equations that we could not solve with

a direct solver (in our case superlu, described in Demmel et al. 1999). Further analysis, and as was reateet ietB

al. (2005) or Laborde et al. (2005), showed that the space obtained by using the four scalar shape functions, produces
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FIG. 14: Error in stiffness matrix marormfor case 1, crack tip inside the element, using regular integration and the
new algorithm.
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FIG. 15: Sketch of the benchmark problemattion on the boundary of the square (arrows) is computed from the
exact solution of a straight crack in infinite media.

a more and more ill-conditioned stiffness matrix as the enrichment zone grows, to the limit of a singular matrix when
the enrichment is applied on all the nodes. As will be shown, this is not the case with the vector enrichment shape
function proposed in this paper. But to keep the presentation consistent, we still want to use the scalar enrichment to
show the gain of an improved integration strategy. In order to do that, we will reduce the enriched space a little bit by
keeping only the needed enrichment function to produce a space that still includes the pure mode | opening solution.
This reduction will be used only for the present benchmark. The other experiment wil, of course, use the full scalar
enrichment. The full tip enrichment space in the two-dimensional case is reminded in the following equation:

Y Y D Nix)Fa(x)Eiara (2.14)

i€[1:2] TENip a€[1:4]

The directions of the physical space are enriched with each of the four scalar enrichment functions. We reduce this
space by using a space where o#hlyand F; are used in both th&, andE, direction, whileF; and F; are only

applied, respectively, in thE, andE, direction. The space of shape functions used in our benchmark, using scalar
enrichment function everywhere, is now

Z NiF\Ezar, + NiF1Eyary + NiFsEgare, + NiFsEyarey + NrFsEgars, + NrFyEyaqy, (2.15)

IeN
This reduction of the space insures the presence of a pure mode | opening field and produces a regular stiffness matrix
when all the nodes of a mesh are enriched. The problem is solved on a square aligned with the crack, with crack tip at
(0, 0), the two opposite corners of the square at position (-1, —1) and (1, 1), respectively. The mesh is built using the
Gmsh package (Geuzaine and Remacle, 2009; Remacle et al., 2007). Each edge of the square is divided in 20 equal
sized segments, for a total of 560 nodes and 1038 triangles for the final unstructured mesh. With the space used, we
end up with 3360 degrees of freedom, 1228 integration cells and 1805 sub-cells for the new integration strategy.

For this test, we define the errerr to be the relative energy error norm defined as follows

_ e . h _ e
err = \// o) (" =€) g (2.16)
Qh T €€

wherec”, e", o¢ ande® stand respectively, for the finitelement strain, stress, exact strain, and exact stress.
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Thiserror cannot be computed exag#ince the fields to integrate are singular. We could have used our integration
rule to measure the error. Experiment proved that this is not necessary, and instead, we used the simple partition
integration rule, with order 5 (seven points per cell), to evaluate the error. The error is reported in Fig. 16 as a function
of the total number of integration points used to compute the stiffness matrix. As can be seen, while with the partition
integration the error converges very slowly and with oscillations, the new scheme displays an exponential convergence
rate and reaches very small relative energy error. The best partition integration (order 19) gave an errorl@f 7.2
for a total of 89,644 integration points, while the new algorithm gave an error of:2.99-5 for a total of 88,445
points, and the highest order used (20 points in the underlying one-dimensional Gauss-Legendre rule) reached an error
of 1.13x 10~? for 722,000 points.

3.5.3 Adaptive Strategy

On a reasonable scale problem like the one we just showed, one can ask about the penalty of a new approach in total
computation time. Indeed, for the partition integration scheme, the integration points are known and are the same
in the reference cell for all the integration cells. While in the case of our algorithm, for each cell, subcells must be
constructed in thép, ) plane, and the integration point positions are the same for each subcell only (s the

plane. In the context of a classic finite element method, this would probably be an unacceptable price to pay. Indeed,
all the shape functions in classic finite element method are defined on a reference element, and the evaluation of the
shape function at each integration point can be done once and for all, in the reference element. Only the jacobian
must be computed separately for each element. In the context of the X-FEM, the enrichment functions are defined as
a function of the position of the point of evaluation in the global frame. There is no possibility to evaluate the shape
function without knowing the coordinate of the node in real space. Whatever the method to construct the integration
points, which can be viewed as a preprocessing step done once for a given mesh and given crack, the enrichment
functions need to be computed at each integration point of each element. At equal numbers of integration points, the
time to build the stiffness matrix is equal, whatever method is used to construct them. In our experiments, the time to
construct the integration points was always so negligible compared to the rest of the solution process that we did not
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FIG. 16: Relative energy erranorm,for a computation on a full mesh using enrichment everywhere, using partition
integration and the new algorithm as a function of the total number of integration points.
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even bother to savthem from one computation to another. They are computed when they are needed by the assembly
process.

Nevertheless, if we could achieve a similar accuracy as the one just presented with fewer integration points, we
would get faster assembling process. In order to achieve that, we will need some sort of adaptive strategy. Indeed,
experiments showed that even with a small number of integration points, the new integration strategy gives very high
accuracy in the local stiffness for most of the elements of the mesh. Only a few of them need a high number of points.
Unsurprisingly, those elements are usually the one close to the crack tip. The direction is therefore clear. We could
adaptively set the number of points of the underlying one-dimensional Gauss-Legendre rule from one cell to another
if we had some sort ad priori error indicator for constructed rule over a cell. Our experiments have shown that the
error in the evaluation of the area of a triangle using our integration scheme was strongly correlated to the error in the
local stiffness matrix. This error, when all the points are mapped to the reference element, is very easy to evaluate:
just sum all the weight of the integration points and compare to 0.5, the exact area of the reference element. So, for
each element, we construct all the subcells and then iteratively construct the integration points for an underlying one-
dimensional rule of increasing order until a threshold in the relative area error is reached. The experiment is reported in
Fig. 17, where the relative energy error norm is plotted against the total number of points, for our integration algorithm
with or without adaptivity, on the previous benchmark.

For the adaptive version, we set our parameter so that the minimum and maximum number of points of the one-
dimensional Gauss-Legendre rule are 3 and 49, respectively. For each point of the curve, we set a different value of
the relative area error threshold, starting at £.00~2, and dividing by 10 for each new point until we reach our
minimum threshold of 1.6x 10~'2. As clearly shown, a huge gain in accuracy at equal number of integration points
is achieved. The best reported adaptive result is reached for the smallest relative area error thresheld 6f 20
The energy error norm is then 3.4%610~ 1 for a total of 161,271 points, compared to the 722,000 points obtained
without adaptivity for an error still 3 times higher (1.13107°).

The last version of our integration method is referred to asitigular integrationin the rest of the text. Thein-
gular integrationis parametrized by the minimum and maximum number of points in the underlying Gauss-Legendre
rule (minpt andmazxpt, respectively) and the area error threshold (ae

10 New algor‘ithm 4+
1k New algorithm, adaptive version X ]
0.1 |
0.01 |-
0.001
0.0001
le-05 -

1le-06 [~

relative error in energy norm

1e-07 —

1e-08 —

1e-09 ‘ L .
3000 10000 100000 le+06

number of integration points

FIG. 17: Relative energy erranorm,for a computation on a full mesh using enrichment everywhere, using the new
algorithm, with or without adaptivity, as a function of the total number of integration points.
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3.5.4 Comparison with a Scheme thRtoperly Treats Singular Cells Only

Up to this point, we only compared our integration strategy with the quite crude partition integration. In the following
we compare it with a more advanced scheme presented in Nagarajan and Mukherjee (1993) and Park et al. (2009),
and apply it to our setting. We call this stratggylar mapping. In the polar mapping strategy, elements are split into
integration cells in the same fashion agartition integration. Weakly singular cells are integrated using one of the
Gauss quadrature rules over the triangle, and singular cells are treated by using a the following "quasipolar” change
of variable

& =rcos?(0); m=rsin?(0); (2.17)

wherer takes values if0 : 1] and6 in [0 : /2] and againé andn are the coordinates of a reference element,

such as the singular node is mapped on (0, 0) in the)f{plane. The integration rule is then constructed using a
tensor product of the one-dimensional Gauss-Legendre rule. The polar mapping strategy therefore has two controlling
parameters: the order of the integration rule in the weakly singular cell and the humber of Gauss-Legendre

points in each direction of thé-, 6) map. Figure 18 compares the results between the polar mapping strategy, the
partition integration, and the adaptive singular integration, on the same test case. For the polar sisiteggased

from 6 to 19, whilenpt is set to 20. One can see that the polar strategy is of course better than the partition integration.
The error is much less for an equivalent number of integration points: 97,012 points for an error of 0.0014 is the
partition integration case, and 91,606 points for an error of 650~° in the polar mapping case. The adaptive
singular integration with 86,704 points gives an error of only 6:520~?, 4 orders of magnitude smaller than the

polar mapping strategy. An error of 1.4210~°, slightly better than the best polar mapping, is obtained with 31,025
points, less than one third the number of points needed with the polar mapping. From the curves of the convergence of
the polar mapping error, one can see that the error is not necessarily smaller when one increases the number of points.
It does not seem to be the case with the adaptive singular mapping.
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FIG. 18: Relative energy erronorm, for a computation on a full mesh using enrichment everywhere, using the
partition integration, the polar mapping, and the adaptive version of the new algorithm.
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3.5.5 Robustness of the Schef@empaed to Polar Mapping

In order to measure the robustness of the integration rule with respect to the relative position of the crack tip within an
element, we next perform the following experiment. We take the same setting as in the previous experiment, we select
the element where the crack tip is, and we do the same computation for different positions of the crack tip inside
the element. More precisely, we will gradually move the crack<tigrom the center of gravitk, of the element

to the closest poink, to x, on the boundary of the element. This experiment is parametrizeddbj0,1], such as

x; = (1-s)x.+sx,. In Fig. 19, left side, the previous parametrization is depicted. We performed the same experiment
as before, for different values of and measure the error in the energy norm using the polar mapping strategy or the
singular integration. For this experiment, we took the best polar strategy used in the previous computati®n (

npt = 20) and the adaptive singular integration scheme that gave the same order of magnitude in the error @ninpt

ae =1.0x 1077). The results of this experiment are depicted on the right of Fig. 19. In the case of the polar integration
strategy, the magnitude of the error varies from a minimum of<L.20~7 to a maximum of 7.8< 10—, almost 4

orders of magnitude. This contrasts with the singular integration strategy, which returns an error varying only from
1.09x 107° to 1.41x 107°. This contrast can easily be explained. When the crack tip moves closer and closer to the
boundary of an element, the integration cells of the element on the other side of the boundary are more and more close
to the crack tip, and therefore closer and closer to singular. With the polar mapping strategy, those cells are integrated
with the classical integration rule that gives worse and worse results, while with the singular integration strategy, the
singularity is taken into account. We think that this is an important fact, never reported before in the X-FEM literature.

If close to singular cells are not taken into account properly in the integration scheme, the error in the stiffness matrix
is very much dependent on the mesh (more precisely, the relative position of the crack tip inside an element). Treating
properly the singular cell only is not enough to insure the robustness of the stiffness matrix computation. This issue
might be crucial in particular for crack propagation problems where one as no control of the relative position of the
crack tip of the element.

This concludes, for now, our work on the integration scheme for enriched elements. Starting from an efficient
integration rule for singular cells (the parabolic mapping), we extended it in this contribution to weakly singular cells.
This new integration scheme is efficient and accurate on any element, whatever its position relative to the crack tip.
We have shown in the end of this section that the scheme, at equal numbers of integration points performs better than
the partitioning strategy and also gives better results than the polar mapping.
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FIG. 19: Variation of the energgrrorwith respect to the position of the crack tip. Left: parametrization of the crack
tip position as a function of. Right: error for both the polar mapping strategy and the adaptive singular integration.

23



4. NUMERICAL BENCHMARK AND CONVERGENCE TEST
4.1 Straight Crack

In this section we propose to compare the two versions of the X-FEM methods. The analysis is focused on convergence
rate and condition number. The test problem to solve is the two-dimensional problem of a planar crack in an infinite
two-dimensional domain. The material is linear elastic and isotropic, and the computations are done in plane strain
state. The analytical solution is known and is the Irwin solution. To solve this problem numerically, we work with a
square domain, where the tensions of the analytical solution are applied on the boundary.

To track the convergence, we will always use the same series of meshes with increasing numbers of elements.
The mesh are all unstructured meshes with as uniform as possible size field, obtained using the Gmsh package. The
controlling parameter for the mesh sizeristhe number of equal subdivisions along one edge of the square. The
measureh of the mesh size that we used for convergence analysis is the length of the square dividéhble 3
gives some characteristic measures for the series of mesh we used.

For all the presented results, the radius of geometrical enrichment for the tip enrichment futiitieat to 0.4.
Elements which are not enriched by tip enrichment are integrated exactly using an integration rule on the triangular
cell obtained by the splitting algorithm with an integration rule of order2@), wherep is the polynomial order of
the shape function.

4.1.1 Order One Shape Functions

First we tested our series of mesh using the classical scalar tip enrichment function and used a linear shape function
both for the classical field and the partition of unity. Due to the bad conditioning of the stiffness matrix, it was not
possible to solve for mesh 7 in this case. In order to be able to solve up to mesh 6, we had to use a minimal order of 5
for the partition integration in the enriched element. Analysis of the error is reported in Fig. 20 where the energy error
is plotted as a function of the size of the element for each of the three integration schemes. In order to compare them
properly, we set the parameters of each scheme so that we get approximately the same total of integration points for
the finer mesh (around 200,000 points). The error is then mostly the same for each scheme, and the convergence rate
is close to optimal.

Nevertheless, we looked more closely at the results. For instance, we compared, for different parameters of each
integration scheme, the total number of integration points needed to reach a given precision. For a given mesh, we
first compute a reference energy error, the energy error when using the best integration scheme that we have (typically
the singular adaptive withe set to 10°1°). We then find for each scheme the set of parameters that return an energy
error which is less than 1% larger than the reference energy error for the minimum number of integration points. This
relative difference in energy error is clearly related to the effect of the integration error on the energy error. In the
following we call iterr;. The results on mesh 6 are reported in Table 4. To reach the requested level of precision, the
partition integration needed more than 500,000 points, while both polar and adaptive integration needed only around
200,000 points. These numbers show a slight edge for the adaptive singular scheme.

TABLE 3: Description of the series of meshes used for the convergence analysis

Mesh number n h Nodes Edges Elements
1 5 0.4 45 112 68
2 10 0.2 145 392 248
3 20 0.1 560 1597 1038
4 40 0.05 2215 6482 4268
5 80 0.025 8592 25453 16862
6 160 0.0125 34172 | 101873 67702
7 320 | 0.00625 | 135706 | 405835 270130
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FIG. 20: Convergence analysis, lineslnapeunctions, tip enrichment.

TABLE 4: Minimum number of points for each scheme and associated pa-
rameter to reach a precision better than 1% in the energy error

Schemename Parameters Number of points | err;
Partition 0=17 513084 0.44%
Polarmapping 0=8,npt =10 211380 0.79%
Adaptive singular| minpt =3 ,ae =103 194072 0.05%

4.1.2 Order 2 Shape Functions

When movingo order 2, the situation changes drastically. We now set the order of the shape function to 2, for both the
classical field and the Heaviside enrichment. The tip enrichment is still multiplied by a partition of unity of order 1,
since we found that it does not affect the convergence rate and that it maintains the conditioning to acceptable values.
Again we computed the error as function of the mesh size with the three different schemes, setting the parameter
so that we get the smallest error with approximately the same total of integration points for the finest mesh (around
100,000). Results are reported in Fig. 21. Partition integration always stays far from the optimal rate of 2. The Polar
mapping strategy already really improves the situation, but the results are off for the final mesh: the interpolation error
becomes of the same order as the integration error. The integration scheme is not precise enough in this case. The
optimal convergence rate is only recovered with the adaptive singular rule, for this total of integration points. As in
the first-order case, we have computed the best parameter set for each integration rule in ordertdeget than

1% for mesh 5. Results are reported in Table 5. The partition integration could not reach thergaale best result

waserr; = 373% for the highest integration order. Both the polar mapping and the adaptive singular manage to reach
this precision, the adaptive singular reaching the results with half the number of points needed by the polar mapping.

4.1.3 Robustness of the Scheme

To further prove the advantage of properly treating the weakly singular cell, we reproduced the experiment of moving
the position of the crack tip inside an element gradually from the center of gravity to the boundary of the cell in our
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FIG. 21: Convergence analysis, quadratltapeunction, tip enrichment.

TABLE 5: Minimum number of points for each scheme and associated pa-
rameter to reach a precision better than 1% in the energy error for order 2
shape functions

Schemename Parameters Number of points | err;
PolarMapping 0=19,npt =12 235294 0.76%
Adaptive Singular| minpt =4, ae =107 113887 0.69%

testcase. Fig. 22 reports the energyor on mesh 5 for an order 2 shape function for the adaptive singular and the
polar mapping integration rule as a function of the position of the crack tip inside the element, parametrized by
which contained the crack tip in the previous numerical experimeat[0,1]is such asc; = (1 —s)x. + sx4 as in

Sec. 2.5.5. Whatever the position of the crack tip inside the element, the adaptive singular rule always gives the same
error in the energy norm. In contrast, the polar mapping error is multiplied by more than 5 when the tip moves from

x4 and approaches the element’s boundary. The robustness issue that was already detected clearly has a damaging
effect on the error for a real computation.

The singular integration rule permits integration, at low computational cost, with an error in the stiffness matrix
that converges very fast to zero. But from our computations, it seems that this high degree of precision is only neces-
sary when the discretization error is small enough for the error in the stiffness matrix to have an influence. For now,
we can already draw the conclusion that the singular integration rule or any variant that can be proposed is a hecessity
when one wants to reach high accuracy and robustness.

4.1.4 Vector Enrichment Function

The same computations have been done using the vector enrichment function as presented in Sec. 1.4. The energy
error is plotted as a function of the element size in Fig. 23. Again, using the singular integration rule, we reach an
optimal order of convergence for baths 1 andp = 2, with fewer degrees of freedom than with scalar enrichment. The

total number of degrees of freedom, compared to the scalar enrichment case, is reported in Table 6. On our example,
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FIG. 22: Variation of the energy errawith respect to the position of the crack tip for both the polar mapping strategy
and the adaptive singular integration.
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FIG. 23: Convergence analysis, lineandquadratic shape functions, vector enrichment.

the scalar enrichment generates about 30% more degrees of freedom than the vector enrichment. More importantly,
some cases that could not be solved in the scalar enrichment case worked perfectly with vector enrichment. This is
due to the improved conditioning of the global stiffness matrix in the vector enrichment case. Figure 24 reports the
condition number evolution as a function of the element sizep foil, for both the scalar and vector tip enrichment
strategies. On mesh 6, the condition number is as high as>2.93°, for the scalar enrichment, and the problem

could not be solved, as mentioned above, for mesh 7. On the other hand, using the vector enrichment function, the
condition number was 1.24 10° and 2.46x 10° for mesh 6 and 7, respectively.
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TABLE 6: Number of degrees dfeedom(ndof) per mesh as a function of
the enrichment type

Mesh 1 2 3 4 5 6
Ndof scalar enrichment 139 463 1693 6649 25915 10299
Ndof vector enrichment 109 349 1297 5053 19507 77287
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FIG. 24: Evolution of condition number oK with elementsize, using scalar of vector enrichment.

The conditioning problem only shows up when geometrical enrichment is used. When using topological enrich-
ment, this problem usually does not occur, but the convergence rate is highly degraded and is not better that the one
obtained with the ordinary finite element method. Topological enrichment is therefore a weak option when one wants
to achieve high accuracy. Of course, the condition number problem was already noted before. Different solutions were
proposed, like building an adhoc preconditioner asé&eliet et al. (2005) or by linking together values of the enrich-
ment coefficients, for example, along disks centered around the crack tip in Laborde et al. (2005). The solution we
proposed here, the vector enrichment function, is another answer to the problem, which has the advantage of avoiding
to add any addition of another step to the method, and that reduces the number of degrees of freedom in the context of
geometrical enrichment. The last remark is especially true in the three-dimensional case, where each time the mesh is
refined, by a factor of 2, the number of nodes in the enrichment zone is multiplied by eight and the scalar enrichment
asks for 12 additional degrees of freedom per enriched node, while vector enrichment only adds three per enriched
node.

4.2 Circular Arc Crack

In this section, we present another important benchmark which again has an exact solution. We solve the problem of
a circular arc crack in infinite media and compare with the analytical solution as found in Broberg (1999) and first
explored in Muskhelishvili (1953) and Atluri et al. (1975). The solution in Broberg (1999) appears with mistakes in
some of the coefficients. The corrected analytical solution can be found in Appendix 3.1.
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Thedefinition of the problem can kseenin Fig. 25. The radius of the circle on which the crack lies is sét the
axisz is the symmetry axis of the curved crack. The crack is bounded on an arc running-&éo0, and loading at
infinity is unidirectional stress, parametrized by its anglend its magnitude ..

This benchmark is important particularly for the vector enrichment function. Indeed, as was explained when
we exposed this enrichment strategy, the enrichment functions are now dependent on the local crack direction. To
simplify the implementation of the vector enrichment, we discretized these directions using a constant direction for
each support of an enriched node, computed as the mean value of the gradient of the discretized level sets over this
support. In the previous benchmark, the local crack axis was constant and the impact of its discretization could not
influence the results. Here we wish to check if the optimal convergence rate is achieyedifo€onvergence results
are reported in Fig. 26 using the vector enrichment with a raflie<0.15.

FIG. 25: Circular arc crack definition.
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FIG. 26: Convergence results enegy norm for circular arc crack.
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Theoptimal rate of 1 for thenegy norm is clearly obtained, which validates our discretization of the local crack
axis. Typical images of the von Mises stress are displayed in Fig. 27 (left exact solution and right numerical solution).

In the present work, we remind that the level set is discretized linearly on the same mesh as the mesh to discretize
the displacement field. There is no hope in this context to achieve optimal converge for higher order discretization of
the displacement field since the error in the representation of the geometry would in this case destroy the convergence
rate. In order to achieve optimal convergence rate in this cases, one needs to use a better representation of the geometry,
as in Deau et al. (2010) or Haasemann et al. (2011).

4.3 Direct and Integral Extraction of Stress Intensity Factors

The extraction of the stress intensity factor from a finite element computation is of major importance, particularly
to predict failure, lifetime, or crack propagation in the structure. Many methods have been designed in the past and
perhaps the most accurate are those based on domain integral methods or G-theta methods. The domain integral is
an equivalent form to the well-known Rice contour integral (Rice, 1968). The theory behind the equivalent domain
integral may be found in Moran and Shih (1987a,b). The use of domain integral in the finite element context started
with the paper of Destuynder et al. (1983) for (2D) cracks and with Nikishkov and Atluri (1987) for 3D cracks. The
concept of interaction domain integral to extract separately the stress intensity factors appeared in the work of Stern
et al. (1976) for 2D cracks. The concept was then used to separate the stress intensity factors for 2D cracks (in Shih
and Asaro, 1988, and 3D cracks Nakamura, 1991; Nakamura and Parks, 1989). The cracks considered were planar
with straight edges. The axisymmetric cracks were then derived by Nahta and Moran (1993). Finally, general curved
fronts were considered in Gosz et al. (1998) and Gosz and Moran (2002). It was since then applied to the X-FEM in
Béchet et al. (2005), among others.

Our goal here is obviously not to compete with such methods, but the vector enrichment that we propose suggests
a very efficient way to compute the stress intensity factors. We propose to interpolate linearly the value of the degrees
of freedom associated with each of the vector enrichment functions, over the element that contains the crack tip at the
position of the crack tip. The interpolation of the first degree of freedom should give an approximakigraofl the
second one an approximation &% ;. This is a postprocessing operation that can be done at no cost and which is very
easy to implement once the vector enrichment functions are available in a given code. In the following, we call this
method thelirect evaluation methad

We have applied this strategy on the straight crack in infinite media in order to compare with the known analytical
solution.

von mises stress von mises stress
[0) 1.5 3 1) 1.5 3

FIG. 27: Von Mises stress for theirculararc problem: (left) analytical solution and (right) exact solution.
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We also computed the stress intensagtors using a G-theta method on an integration domain defined geomet-
rically, as it was shown that it is the most accurate strategy. The radius of the domain around the crack was set to
the same value as the radius of the enrichment zone. Results using an order 1 shape function are plotted in Fig. 28,
showing the error in the computed valueff as a function of the element size. We recover, as expected, the optimal
convergence rate of 2 for the G-theta method. The direct evaluation method also gives quite good results, considering
its cost. The convergence rate is close to 1.

Figure 29 reports the same results, but using order 2 shape functions. Again, an expected convergence rate of 4
is obtained for the G-theta method. The direct evaluation method gives also good results, but we probably need more
refinement to correctly evaluate the convergence rate.
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FIG. 28: Convergence results theerror in K, using first-order shape functions.
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Again, we do not advocatfor the use of our direct evaluation method only: clearly the results of the G-theta
method are much better. But having the possibility to quickly compute a rough evaluation of the stress intensity factor
when a more precise one is available might prove useful nonetheless. Indeed, the difference between the two computed
results can serve as an error indicator, giving an upper bound on the error committed by the G-theta method.

5. CONCLUSIONS

In this paper, we made two contributions to the X-FEM as applied to crack modelization in the context of linear elastic
fracture mechanics.

— We advocate for the use of tlvector crack tip enrichment functidnstead of the usuacalar crack tip en-
richment functionindeed, we have shown that for equivalent accuracy, it leads to a reduction of the number of
degrees of freedom in the problem. It improves greatly the conditioning of the linear system to be solved and it
offers a cheap extraction of the stress intensity factor.

— The design of a good integration rule to properly compute the local stiffness for tip-enriched elements contain-
ing, or close to, the singular tip was the object of much work. The paper presents a solution to this problem,
including integration cells that do not contain the singularity. The only other proposed solution in the literature
in these cases was the superposition methoceichBt et al. (2005). The method proposed in the current paper
has the advantage of ensuring that all integration points are inside the elements and it is adaptive. It was shown
that an accurate integration schemedtenriched elements is important to obtain rapidly convergent values of
the stiffness matrix, independently of the position of the crack tip inside an element. The effects of the quality of
the integration rule are particularly important in the final error in case of a higher order discretization scheme.

We plan to pursue our work in the development of these special integration rules. The self-evident point is to
extend our work for the three-dimensional case. We think that the hardest part is already done. Indeed, the singularity,
even in full three dimensional case, is essentially two dimensional. In three dimensions, the problem of integrating
properly over a tetrahedron can certainly be solved by cutting the tetrahedron into slices orthogonal to the crack front
direction and solving the resulting two-dimensional integration problem. Alternatively, the tetrahedron could first be
mapped to a prism aligned with the crack front direction, separating the integration into a series of two-dimensional
problems. We already tried similar strategies and they are indeed promising, even if not yet sufficiently robust to be
presented at the time the paper is being written.

We are also interested in providing integration rules adapted for other types of singularies. In particular, we have
in mind to work on integration rules adapted to the integration of enrichment functions coming from the reentrant
corner, where the singularity is of the fonrff with o« dependent on the angle of the wedge.
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APPENDIX: EXACT SOLUTION FOR CIRCULAR ARC CRACK

The exact solution for a circular arc crack in infinite media can be* developed as follows. The origin is the center of
the circle of radius 1 on which the crack lies. Thewxis is the axis of symmetry of the crack. The crack is defined
between angle-0 and +-6 from the z axis. At infinity, the stress is supposed homogeneous and uniaxial, in the
direction represented by angle and its value isr. z is the complex representation of the coordinate of a point in
the (z, y) plane as defined above = z + iy (see Fig. 25).

Let us first define some constant values:

Oco 2ix
bo = —T 2 ag = bo
by = —cos(0)bg ap =1
by = —cos(8)bs ay = %o ~ by (A1)
b — 3b0COS(e)2 — O + 2b1COS(e) — bo
8 2[cos(0) — 3]
Thenthe following complex potentialare defined:
1 3 2
f(z) = bz" 24+ a2 (A.2)
RREEPSLDS
1 3 2
9(2) = (2) = bpz" 2= ) anz"? (A.3)
SAREPILL Y

WhereG(z) is defined as:

it {(]z] <1) or [Re() < cog0)]}G(z)=+/22—2zc0s(8)+1 else G(z)=—+/22 —2zcos(6)+ 1
(A4)
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— iag(z)/2
In the previous expression,- refersto the principal valueof the complex square roo\/((z) = \ﬂ|z|)e

where—mn < arg(z) << pi]

1

02y = REO) — 0,4
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