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Fracture Analysis in Orthotropic Thermoelasticity
Using Extended Finite Element Method

Honggang Jia! and Yufeng Nie!* and Junlin Li?

1 Department of Applied Mathematics, School of Science, Northwestern Polytechnical
University, Xi’an 710129, China

2 Taiyuan University of Science and Technology, School of Applied Science,

Taiyuan 030024, China

Received 20 May 2014; Accepted (in revised version) 25 November 2014

Abstract. In this paper, a method for extracting stress intensity factors (SIFs) in or-
thotropic thermoelasticity fracture by the extended finite element method (XFEM) and
interaction integral method is present. The proposed method is utilized in linear elas-
tic crack problems. The numerical results of the SIFs are presented and compared with
those obtained using boundary element method (BEM). The good accordance among
these two methods proves the applicability of the proposed approach and conforms its
capability of efficiently extracting thermoelasticity fracture parameters in orthotropic
material.
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1 Introduction

Recently, growing focus on orthotropic materials used in aerospace and automobile in-
dustries, temperature field problem may be involved in the engineer component, hence,
studying thermal fracture in these elastic materials has been among the most interest-
ing topics of research in recent decades. For simple and special geometry [1] problem,
the analytic or semi-analytic method is frequently used. However, for general or com-
plex geometries problem, numerical method is an advisable choice. The existing nu-
merical methods such as finite element method whose meshes assignment require been
conformed to the discontinuities or singular singularity. To overcome the difficulties,
XFEM [2,3] has been proven to be an efficient method for discontinuities problems which
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does not need remeshing in the process of crack growth. For thermoelastic fracture prob-
lems using XFEM, thermal problems in [4-6] were involved to solve shear band problems
with thermal effects in [7], the first paper about thermoelastic problems was discussed
in [8]. In this paper, either adiabatic or isothermal condition is considered on the crack
surface, the SIFs are extracted from the XFEM solution by an interaction integral, but it
is only in isotropic materials. In [5], thermo-mechanical XFEM crack propagation analy-
sis in functionally graded isotropic or orthotropic materials is dealt with. In [9], thermal
and thermo-mechanical influence on crack propagation by extended meshless method
is done. In [10], the thermal SIFs are obtained by crack closure integral or element-free
Galerkin method. In [6,9,10], the material addressed is also limited to isotropic case,
therefore, to my knowledge, for steady-state thermoelastic fracture problem in orthotrop-
ic medium using XFEM, few papers were reported in [5,11].

In this paper, fracture analysis using XFEM in orthotropic thermoelastic problems is
performed. The SIFs are extracted by interaction integral method. Several numerical
examples are presented to validate the accuracy of results.

The outline of this paper is as follows. Section 2 recalls the fracture mechanics of or-
thotropic materials. Section 3 formulates the problem and introduces the discretization
of the temperature field. In Section 4, the extraction of the SIFs from the XFEM solution
is presented. It relies on interaction integrals in domain form with thermal effect. In Sec-
tion 5, the method is illustrated by numerical examples and is compared with reference
solutions. The conclusions are drawn in Section 6.

2 Fracture mechanics of orthotropic materials

The stress-strain relation [12] in linear elastic material can be written as

€q =005, (0,p=1,2,3), (2.1)

with
€1 =¢€11, gx =€, €3 =€33, £4=2¢23, €5 =2€31, €6 =2€12, (2.2a)
o1 =011, =0, 03 =033, 04 =03, 05 =031, 06 =012, (2.2b)

where 4,4 is components of orthotropic compliance tensor. Here, we assume the material
is orthotropic with any types of loadings or general boundary conditions and a crack. Let
(X1,X2) be global Cartesian co-ordinate, (x,) be local Cartesian co-ordinate and (r,0) be
local polar co-ordinate defined on crack tip. As shown in Fig. 1.

The characteristic equation for orthotropic materials can be obtained using equilibri-
um and compatibility conditions [12]

El11‘1/l4 —2a16y3 + (2&12 +a66)y2 — 21126]/’ +ay =0. (2.3)

The roots of Eq. (2.3) are always either complex or purely imaginary in conjugate pairs as
p1, 1 and iy, .
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Figure 1: An arbitrary orthotropic body with traction £, with global Cartesian co-ordinate (X;,X>), local polar
co-ordinate (r,0) originating at the crack-tip and various boundary conditions.

Let A1 =K;/v2nr, Ay =Ky /v2mr, By = \/cos0+ puisinb, By = /cosf+ pupsinb, then

the near-tip asymptotic stress fields [13] for pure Mode I fracture can be written as

011:A1Re:m(gi—g1>_, (2.4)

UzzzAlRe:m:uz(gl—g?):, (2.4b)

Ulz—AlRe:m(;—Bl)_, (2.4¢)
and in the same way, for pure Mode II fracture, the stresses fields are [13]

011 = AgRe mi#z (gg - ;f) (2.5a)

022:A2R6:y1iyz<;2—;>_, (2.5b)

alz—AzRe:#lim(gi—gi):. (2.50)

3 Problem formulation and discretization

3.1 Governing equations

The 2D static linear orthotropic thermoelasticity equation in a domain () bounded by I

are expressed as [8]

q=—kVTk= [

ki 0
0 k|’

(3.1a)

(3.1b)
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e=Vu, (3.1¢c)
er=a(T—Tp)la= [ "61 0?2 ] (3.1d)
c=C:(e—er), (3.1e)
V-c+b=0, (3.1f)

where, T is temperature, q heat flux, u displacement, & strain tensor, o stress tensor, et
thermal expansion, Ty reference temperature; the material properties are diffusivities in
x,y directions k, expansion coefficients in x,y directions &, and the orthotropic Hooke ten-
sor C; Q is heat source, and b body force. 1 is the identity tensor and V is the symmetric
gradient operator. The boundary conditions are listed below as

T=T on I'r, (3.2a)
qn=q on T, (3.2b)
u=1u on I'y, (3.2¢0)
oc-n=t on T}, (3.2d)

with I'tUl =T, Ul'y=T and I'tNI’;=T,NT;=@. A crack I'; is present in (). It is assumed
to be traction free (I'. C Ty, t=0 on I';). Here, we only focus on the case of an adiabatic
crack (I.CI'y, §j=0onT,).

3.2 Adiabatic crack

In this case, the crack faces are adiabatic and also assumed to be traction free. The admis-
sible displacement and temperature spaces can be written as

U={ucH}(Q):u=1onT, and u discontinuous on I'.}, (3.3a)
Y={ueH;(Q):T=T on Tt and T discontinuous on T, }. (3.3b)

The weak form can be expressed as: Find u € U and T €Y such that
/ s(v):C:s(u)dQ:/ v-bdQ+ v-de+/ g(v):C:erdQ, (3.4a)
0 0 I'r 0

/Qq(S)kq(T)dQ:—/QSQdQJr/rqudF, (3.4b)

are satisfied V(v, S) € Uy x Yy, where the subscript 0 denotes homogeneous essential
conditions. Using XFEM, a standard local temperature or displacement approximation
around the crack is enriched with jump function across the crack surfaces and the crack
tip temperature or displacement enrichment function around crack tip. The same proce-
dure is used for the thermoelastic in [8]. The shifted-XFEM [14, 15] enrichment formula-
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tion for displacement components in the orthotropic material can be written as

X,y)= Z Ny (x,y)an+ Z Ny (x,y) [H(x,y) — H(xn,Yn) by

neN l’lENcr
M
+ Y Nu(xy) Y [Fu(r,0) —Fpi(ru,00)]cum, (3.5)
neNﬁp m=1

where N, is the set of nodes whose support is crossed by the crack faces, while Ny;, is the
set of nodes inside a fixed area around the crack tip (geometry enrichment). The selection
of enriched nodes (topological enrichment or geometry enrichment) for 2D crack problem
is illustrated in Fig. 2 or Fig. 3. a, is usual finite element nodal displacements, b, and ¢,
are enriched nodal displacement freedoms. H(x,y) is the generalized Heaviside function
which takes the value of 41 if (x,y) is above the crack surface and —1, otherwise. Here,
{F(r,0) }31:1 are near tip asymptotic enrichment functions, which can be written as [14]

{Fm(r,e)};ﬂ:l:{ rcos( )\/gl ﬁcos( >\/ 2(0),
rsm( )wgl \/175111( )w/ ()}, (3.6)

where
)
gi(8)= \l cos?(0)+ w, j=12, (3.7a)
Fj
6 =arctan Y _ arctan ﬂ (3.7b)

pjx pPj

/ Cx / Cn 1 1Ce  Cn (Cp2 +Cé6)?
=,|A—[AZ— =22, =, A+ A%2— A— X +——=———"", 3.7¢c
P1 Cn P2 Cn’ {Cn Ces C11Cs6 } (8.7¢)

where (r,0) are polar co-ordinate with the origin defined at the crack-tip as defined in
Fig. 1. C;; (i,j=1,2,6) are constitute coefficients. In this study, we assume that the crack
faces are adiabatic, so the temperature is discontinuous across the crack faces and the
heat flux is singular at the crack tip or crack front, the step function is H(x,y), which is
suitable to account for the temperature discontinuity.

Consequently, we discretize the temperature field in a way like the displacement field
but using simply the third and the fourth branch functions in Eq. (3.6) (the choosing
of enrichment terms is justified by the following Example 1), which are discontinuous
branch functions [11]

T(x,y)= Z Ny (x,y) T+ 2 Ny (x,y)[H(x,y) — H(x0,Yn)]dn

neN neNg,
4
+ Z Nn(x/y) Z [Fm (1’,9)—F(1’n,9n)]8nm. (3.8)

n€Nip m=3
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Figure 2: Selection of topological enriched nodes for 2D crack problem. Circled nodes (set of nodes N.,) are
enriched by the jump function whereas triangular nodes (set of nodes Ntip) are enriched by the crack tip branch
functions. The gray elements are those cut by the crack.

Figure 3: Fixing the near-tip enrichment scheme for selection of enriched nodes for 2D crack problem. Circled
nodes (set of nodes N;) are enriched by the jump function whereas triangular nodes (set of nodes Ntip) are
enriched by the crack tip branch functions.

4 SIFs calculations

The domain integral method for thermoelastic problem [16-18] is adopted for evaluating
stress intensity factors in homogeneous orthotropic media. The standard path indepen-
dent J-integral [19] for a cracked body is defined as

]:11"11{(1) r(Wélj—aijuill)nde, (41)
where W is the strain energy density and 1, the component of the outward unit vector
normal to an arbitrary contour I', as shown in Fig. 4, which surrounds the crack tip and
encloses no other cracks. Here, we define a weight function g, which is a function varying
from g =1 on crack tip to 4 =0 along the contour I', and arbitrary value but continuous-
ly changeable elsewhere within the domain enclosed by I'. Then using the divergence
theorem, the standard J-integral can be reduced into an equivalent domain form, given

by
]I/A(Uijui,l—W51j)11,jdA+/A(Uijui,1—W51j),jqu- (4.2)

Where A is the domain enclosed by I' (shaded domain in Fig. 4).



786 H. G.Jia, Y. E. Nieand J. L. Li / Adv. Appl. Math. Mech., 7 (2015), pp. 780-795

Figure 4: Area for domain integral.
For thermoelastic orthotropic material, the strain energy density can be written as

1
W= Eo—ij[gij_‘xij(T_TO)]/ (43)

while the constitutive equation is
0ij = Dijxi [ex1 — o (T —To)], (4.4)

where D;j; is the components of constitutive tensor, ay the components of thermal ex-
pansion vector, T and Ty are the absolute and reference temperature, respectively.

For the homogeneous orthotropic medium, Eq. (4.2) can be reduced into the classical
domain form of thermal J-integral

] = /A (aijuﬂ — W51])¢7,]dA+/A (Ul]DCZJT,l)C]dA (45)
By combining the actual and auxiliary solutions for obtaining the J-integral, one can write

Ja+2) = j0 4 @) 4 1(12), (4.6)

where J112) is the J-integral value for the superposition state, | 1) and J@ are J-integral
value for actual and auxiliary states, respectively, and (%) is the so-called interaction
integral, which is given by

109 = [ [(o 4ol - LoD roPepa Jajaa+ [ 10w 1{V9da, @)

where &%, ii= s(]l) ocl(jl) (T(l) — T(gl)), superscript 1, 2 and 14-2 indicate fields and quantities
associated with states 1, 2 and 1+2.
For elastic orthotropic solids under mixed-mode load conditions, the J-integral is just

the energy release rate at the crack tip and is also related to SIFs as

J = B11 K3+ B12K K+ BorK3,, (4.8)
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where

U1+ U2
H1H2

a a 1 a
], ,3222%1771(}11 +u2), Pu= —ZIm [7} +£Im(y1pt2).

a
—y
Pn=-5 m[ 2 Ml T2

Applying Eq. (4.8) to states 1, 2 and the superposed state 142 gives

2 2

JW = B11K} + BroK} K} 4 K}, (4.9a)
2 2

J@) = B11 K3 + B1oK2K2 4 BK?,, (4.9b)

102 =2B11 KK+ P1a (K KG;+ KFK];) + 2B K1 K. (4.9¢)

Let K2=1 and K%, =0, Eq. (4.9¢) reduces to

1) =241 Kf +B1oK. (4.10)
Similarly, let K2=0 and K%, =1, Eq. (4.9¢c) reduces to

10D = By, K] +2B2K];. (4.11)

Hence, the mixed-mode SIFs (K} and K};) can be obtained by solving a system of linear
algebraic Eq. (4.10) and Eq. (4.11).

5 Numerical examples

In this section, the following examples are provided to assess the robustness of the pro-
posed method. In all examples, plane stress condition is assumed. To improve the numer-
ical accuracy, two layers of crack tip enrichment is used in the first or second examples,
however, in third example, only one layer crack tip enrichment is used

(1) Homogeneous orthotropic plate with an inclined center crack under constant ther-
mal strain.

(2) Inclined edge crack with several orientations of the axes of orthotropy under uni-
form heat flux.

(3) Plate with a central crack in special case (isotropy) of orthotropic thermoelasticity.

All three examples produce a pure Mode-II loading. The uncoupled orthotropic ther-
moelastic problem, the associated orthotropic temperature field problem is first solved
by XFEM, the temperature field results so obtained are then used in subsequent XFEM
numerical stress analysis. After stress analysis, the stress intensity factors in the crack tip
are then obtained using domain form of interaction integral. Five different integral paths
are used in J-integral, the resulting stress intensity factors are average value of five value
obtained by five integral paths.



788 H. G.Jia, Y. F. Nie and J. L. Li / Adv. Appl. Math. Mech., 7 (2015), pp. 780-795

5.1 Examplel

This example presents an inclined center cracked homogeneous orthotropic plate, the ge-
ometry and boundary condition of the center crack are illustrated in Fig. 5. In [5], the
author also neglect the effect of crack on the temperature fields, i.e., the mechanical fields
are affected by the thermal response, while the thermal fields are not affected by the crack
and mechanical fields. The material parameters of Young’s modulus, Poisson’s ratio and
thermal expansion coefficient can be obtained from those special case in [5], i.e., in case of
B =61 =25,=0, the orthotropic functionally material restores to homogeneous orthotropic
material. a/W=0.1, L/W=1.0 and three crack inclined angles  =0°,36° and 72° are con-
sidered here. The thermal boundary condition and corresponding equivalent mechanical
load are shown in Fig. 5(a) and Fig. 5(b), respectively. The plane stress condition results
in a uniform thermal strain when the crack is not considered.

a b
sz X,
[OX®) O 00O TA
o o
o~ o~
é L8 é <o
X, X,
2W=20 2W=20

Figure 5: Inclined edge crack, (a) thermal-induced prescribed strain, and (b) mechanical loadings.

Table 1 presents the comparison of the normalized SIFs at the right crack tip using
XFEM with those in [5] in terms of different crack inclined angles. It is shown that the re-
sults of good accordance is observed. This accordance also reflects the proposed example
is a special case of that in [5] and the valid choosing of enrichment function in Eq. (3.8).
In the FEM discretization, there are at least 182 nodes, 1504-node quadrilateral elements,
as shown in Fig. 6(a). Fig. 6(b) shows the deformed mesh when « =15°.

Table 1: Normalized SIFs at the right crack tip.

crack angle (degree) | KI (XFEM) | KI (see [5]) | KII (XFEM) | KII (see [5])
0 1.429 1.428 0.000 0.000
36 1.008 1.019 0.40 0.409
72 0.211 0.216 0.32 0.29

5.2 Example 2

For the second example (see [20]), as shown in Fig. 7, an adiabatic edge crack in the rect-
angular plate are considered, the dimensions of the plate is: W is width and its length
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(a) (b)

Figure 6: Finite element mesh of edge crack with enriched nodes and circular J-integral contour around crack
tip. (a) Finite element mesh of edge crack (¢ =15°) with enriched nodes and circular J-integral contour around
crack tip. Circled nodes are enriched by the discontinuity function whereas squared nodes are enriched by the
crack tip function, (b) deformed mesh edge crack (a =15°).

E,) E,

a

Figure 7: Inclined edge crack.

is taken to be four times its width, the two opposite ends, AB and CD, of the plate are
assumed to be constrained in the x, direction and free to x; direction. The plate is sub-
jected to a steady-state temperature load, the sides BC, AD and the crack surfaces are
thermally insulated; the temperature of side AB is unchanged, but the side CD is cooled
by temperature ®). The plate material is glass/epoxy, the asterisks denoting values in
directions of the principal material axes, the properties are those in [20].

In the present analysis, the range of inclined angle of the crack considered is 0° to 45°,
and for each crack angle, the SIFs for relative crack lengths, 1=0.5 is adopted. The results
of SIFs are compared with those of boundary element method (BEM). The presented
stress intensity factors are all being normalized by Ky = E},a3,00+/7a [20].

Table 2 gives the comparison of the presented normalised stress intensity factors at the
crack tip of the inclined edge crack obtained using XFEM and those obtained using BEM.



790

H. G.Jia, Y. F. Nie and J. L. Li / Adv. Appl. Math. Mech., 7 (2015), pp. 780-795

Table 2: Normalized SIFs-Example 2 for a/W =0.5.

crack angle (degree) | KI (XFEM) | KI (see [20]) | % Diff | KII (XFEM) | KII (see [20])
0 0.628 0.643 2.33 0.000 -
15 0.620 0.622 0.32 0.06 0.060
30 0.543 0.554 1.99 0.096 0.133
45 0.423 0.470 10 0.161 0.179

The excellent accordance is obtained from the table. The relatively greater percentage
discrepancies for Kj; /Ko can be attributed to their small magnitudes, which considerably
decreases the accuracy of the results.

5.2.1 Influence of mesh refinement

The variation of the normalized SIFs K;/Ky with the mesh refinement using fixed near-
tip enrichment domain scheme and topological enrichment scheme are shown in Fig. 8
and Fig. 9, respectively. Both scheme are in cases of « =0° and & =15°.

Five different meshes are used with a normalized characteristic element length 11/ W
varying between 0.15 and 0.015, we can see that most of the results are within 0.8% and
compared to the topological enrichment scheme,the fixed near-tip enrichment domain
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Figure 8: Convergence of the K; /Ky for Example 2 using fixed near-tip enrichment domain scheme.
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Figure 9: Convergence of the K;/Kj for Example 2 using topological enrichment scheme.
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scheme improved the convergence of SIFs greatly.

5.2.2 Influence of Gauss quadrature

Due to the presence of enrichment term in XFEM, therefore the quadrature requires a
higher order Gauss quadrature, the sub domain integration is adopted here, as shown
in Fig. 10 (see [5]). A 3 x3 Gauss quadrature is adopted in unenriched elements, a 5 x5
Gauss quadrature is utilized for integration in elements containing Heaviside enriched
node(s), and 7x7,9x9,11x11, 13 x13 and 15 x 15 Gauss quadrature schemes are utilized
for integration in elements containing crack tip enriched node(s).

Figure 10: Integration sub domain around a crack.

o
k=

03F

025

02

% Error in Normalized Mode | SIFs

01r

% Error in Normalized Mode | SIFs

8 9 10 " 12 13 14 15
Order of quadrature

(a) Convergence of normalized Mode I SIFs with ~ (b) Convergence of normalized Mode I SIFs with
order of quadrature when « =0° order of quadrature when a =15°

o
o
]

-

71
Order of quadrature

Figure 11: Convergence of normalized Mode | SIFs.

Fig. 11(a) and Fig. 11(b) present the convergence of normalized SIFs K;/Kp with in-
creasing quadrature order for sub domain in cases of x =0° and a = 15°, respectively.
When the quadrature order increases, the % error in normalized SIFs K;/Ky tends to ze-
ro. From these figures, it is shown that a high order (> 11th order) of quadrature scheme
is recommended around crack tip.

5.2.3 Influence of crack tip enrichments

In addition, to show the influence of crack tip enrichments on SIFs, Fig. 12 presents the
comparison of normalized Mode II SIFs with and without orthotropic crack tip enrich-
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Figure 12: Comparison of normalized Mode Il SIFs with and without orthotropic crack tip enrichments in cases
of «=0°,15°,30° and 45°.

o
>
Iy

¢
% e @«’/9/6\9\0
S —6—15degree
g 06f |
£ —+—30 degree
3
N 088
T
£
g 0561
054 y T ——*

0.2 0.3 04 05 0.6 0.7 08 09 1
Normalized J-integral doain radius(r/a)

Figure 13: Normalized Mode | SIFs versus radius of J-integral domain in cases of « =15° and 30°.

ments in cases of & =0°,15°,30° and 45°. From Fig. 12, we can see that the results using
orthotropic crack tip enrichments agrees quite well with the reference solution, however,
without using crack tip enrichment, the results dramatically deviate from the reference
solution.

5.2.4 Influence of radius of the J-integral domain

In order to study the influence of radius of the J-integral domain on SIFs, five different
J-integral contour paths with normalized domain radius of r/a =0.3,0.45,0.6,0.75 and
0.9 are adopted, as depicted in Fig. 13, which presents Normalized Mode I SIFs versus
radius of J-integral domain in cases of « =15° and 30°, from this figure, it is obvious that
the radius of J-integral domain does not has notably influence on the SIFs.

5.3 Example 3

A rectangular plate of width 2W and length 2L and a central crack of length 24 is shown
in Fig. 14. This configuration with L/W=1.0and a/W varying from 0.1 to 0.6 is solved for
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2L

e =0 =
q=0 = q=0

O

Figure 14: Plate with a central crack.

Figure 15: Finite element mesh of central crack with enriched nodes and circular J-integral contour around
crack tip. Circled nodes are enriched by the discontinuity function whereas squared nodes are enriched by the
crack tip functions.

adiabatic pure Mode II condition. The example have the following material properties
used in [21]: E; = E; =2.184 x 10'!1Pa, Poisson’s ratio vqy; and the coefficients of linear
expansion 1,0 =1.67 10> per°C, in x,y directions. Results are regardless of the thermal
conductivities ki, kp, here, k1 = k. The finite element mesh with enriched nodes and
circular J-integral contour around crack tip is shown in Fig. 15, in the mesh, there are 400
square elements, 441 nodes, to model the isotropy, y1 =0.99i, pt; =1.01i in characteristic
Eq. (2.4a) is assumed. The resulting SIFs are normalized by Ky=a1@,E(W)". In Table 3,
the SIFs are compared with those reported in the handbook [1], and those reported in [22]
obtained by a dual boundary element method. The results are in close agreement.

Table 3: Normalized SIFs-Example 3.

a/W | This study | see[22] | see [1]
0.1 0.020 0.018 0.021
0.2 0.055 0.054 0.053
0.3 0.096 0.095 0.094
0.4 0.142 0.141 0.141
0.5 0.192 0.190 0.188
0.6 0.248 0.243 0.247
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6 Conclusions

The XFEM was applied to the analysis of steady-state orthotropic thermoelastic problems
in cracked structures. The temperature is discretized similarly to the common XFEM dis-
cretization of the displacement field. A domain-independent interaction integral which
is applied to orthotropic material is used to extract the SIFs from the thermomechanical
XFEM solution.Numerical examples are presented to validate the accuracy of the pro-
posed method.
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