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ABSTRACT. This paper investigates the variations of mode I stress intensity
factor (Ki) for inner penny-shaped and circumferential cracks in functionally
graded solid and hollow thick walled cylinders, respectively with the changes
of crack geometry, material gradation and loading conditions. The
functionally graded material of cylinders consists of epoxy and glass. It is
assumed that the mechanical properties vary with a power law in the radial
direction of cylinders. Micromechanical models for conventional composites
are used to estimate the material properties of functionally graded cylinders.
The equations of motion obtained from the extended finite element
discretization are solved by the Newmark method in the time domain. The
interaction integral method is employed to calculate the mode I stress
intensity factor (Ki). The MATLAB programming environment was
implemented to solve the problem.
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INTRODUCTION

structure gradually change resulting in a corresponding change in their properties. These materials are used

I | unctionally graded materials (FGMs) are a new class of composite materials in which their composition and

extensively in applications such as thermal barrier coatings are exposed to severe stress gradients induced by
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thermal and/or mechanical loading [1]. FGMs can be used in the construction of tanks and cylindrical furnace such as
cement kiln. Circumferential cracks are occasionally developed in cylindrical structures during service or production.
These cracks are threats to the safety and reliability of these structures. Subsequent fracture and fatigue analysis of such
cracks is of great interest, and requires the determination of stress intensity factors. The stress intensity factor (SIF) is an
important parameter to determine the safety of a cracked part.

Although several stress intensity factor handbooks have been published, the available solutions of stress intensity factors
for pressure vessels are not always adequate for particular engineering applications. [2]

Solutions to the problem concerning a circumferential crack in a circular cylinder made of homogeneous or composite
materials are relatively few. Closed form stress intensity factor of an arbitrarily located inner-surface circumferential crack
in an edge-restraint homogeneous cylinder under linear radial temperature distribution derived by Meshii and Watanabe
[3]. Chen [4] evaluated stress intensity factors in a cylinder with a circumferential crack using the computing compliance
and the finite difference methods to solve the boundary value problem. Lee [5] analyzed the stress distribution in a long
circular cylinder of isotropic elastic material with a circumferential edge crack under uniform shearing stress and
determined the stress intensity factor. Jones [6] applied the impulse response method to the analysis of the thermally
striped internal surface of a hollow cylinder containing a circumferential crack on this surface. He calculated stress
intensity factor and strain energy density factor ranges as functions of crack depth for vatious sinusoidal striping
frequencies. Moulick and Sahu [2] derived weight functions for the surface and the deepest point of an internal semi
elliptical crack in a thick-wall cylinder. Tran and Geniaut [7] developed an extended finite element method (X-FEM)
axisymmetric model and employed it to compute stress intensity factors for cracked industrial specimens and
components. They used the X-FEM model to assess the integrity and durability of a cracked rotor coil retaining ring
during the power plant operation. Wu et al. [8] described a three-dimensional domain integral method for extracting
mixed-mode stress intensity factors. Predan et al. [9] calculated the stress-intensity factor for the circumferential semi-
elliptical surface cracks in a hollow cylinder cross section under torsion using a finite element technique. Sharma [10] et al.
used the extended finite element method to evaluate the stress intensity factors of a semi-elliptical part through thickness
axial/circumferential crack. The pipe or pipe-bend having a crack on the outer surface was subjected to internal pressure
or opening bending moment in their research. Seifi [11] determined the stress intensity factors for internal surface cracks
in autofrettaged functionally graded cylinders. Eshraghi and Soltani [12] obtained stress intensity factors for functionally
graded cylinders with internal circumferential cracks using the weight function method for different combinations of
cylinder geometry, crack depth, and material gradation.

In this paper, two problems are considered; the first is the determination of the stress intensity factor (Ki) of an inner
penny-shaped crack in a FG rod loaded by uniform axial tension and the second problem is the calculation of the SIF for
an inner circumferential crack in a FG thick walled cylinder under uniform axial tension. Both problems are solved under
static and dynamic loading conditions. The extended finite element method is used in this study, to compute the stress
and displacement fields necessary for determining the stress intensity factor. Stress intensity factors are obtained using the
interaction integral method. The Newmark time integration scheme is used to solve the dynamical system of matrix
equations obtained from the spatial discretization of equations of motion. The effects of crack radius, rotational speed of
cylinders and material gradation on SIFs are studied. The programming is done in MATLAB.

MODELING OF FUNCTIONALLY GRADED CYLINDER
n the present study, we assume that the material properties change along the radius of the cylinder and the volume

fraction of inclusion V; follows a simple power function,

7

Vi(r)=((r=R)/ W),  R<r<R+W @1

where R and W are inner radius and thickness of cylinder, respectively. p is the power exponent determining the volume

fraction profile. The volume fraction of matrix V_, is obtained as below.

V, (r)=1=1() (2-2)

va
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We assume that the functionally graded cylinder is made of epoxy-phase and glass-phase. In this study, micromechanical
models for conventional composites [13, 14] are employed to calculate the properties of functionally graded cylinder.
According to these models, the shear modulus of rigidity () and bulk modulus (K) of FGM cylinder are obtained by

the following equations.

1. o
g+ ) @
1+ Vm (/u/ _lum)
“ +ym(9Km +841,,)
6(K, +2u,)
K=k, +— i Ki=K) 24
S V, (K, -K,)

(K, +4u,/3)

In these equations subscript /7 and » refer to inclusion and matrix, respectively. Young’s modulus (), Poisson’s ratio
(v) and density p of FGM cylinder are calculated as follows.

E=9uK /(u+3K) (2-5)
v=(3K—-2u)/(2(u+3K)) (2-6)
P= Vzpz + Vmpm (2'7)

To incorporate these formulas into the extended finite element model, the value of each material property is computed at
each individual node based on micromechanical models. Utilizing the generalized isoparametric graded finite elements,
introduced by Kim and Paulino [15], material properties gradation is considered in an element. In this method, material
properties such as elastic modulus (E), Poisson’s ratio (v ), and mass density (o) at Gauss points can be interpolated
using shape functions from their nodal point values as follows [15]:

b h h
E=YN,E,v=Y Ny, p=YN,p;, h=12,..n (2-8)
i=1 i=1 i=1

GENERAL PROBLEM FORMULATION

In this kind of problems, material properties and forces are constant in circumferential direction; also,
displacement along 0-axis (ug) vanishes. The general governing equations are the equations of motion in
cylindrical coordinates, which are simplified as follows for axisymmetric problems [10].

‘ ) : J ith regard to the geometry of cracked cylinders and loading conditions, considered problems are axisymmetric.

6(7'0' ) a% 6214
— 0oy + +1f, = 2 3-1
or oTr az Orr rp afz ( )
o(rz.) oo %
&S b4 <
—+ —+ = —_— 3—2
or ’ 0z v =rp or* (3-2)
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where in these equations », p, #, f, #, o and r are radius, density, displacement, body force, time, normal and shear
stress, respectively. Subscripts 7 and g refer to radial and longitudinal directions of cylinders, respectively. Also, in
axisymmetric problems we have [17]

T,9= 0 5 ng =0 , Hpg = 0 (3—3)

To solve equations of motion, discontinuous-Galerkin-based extended finite element method is employed. The extended
finite element model of the problem is obtained by discretizing the solution domain into a number of arbitrary elements.
The formulation of the XFEM for displacement components can be written as [18]

M(r,z,f)z Z Nﬂ(r,z)aﬂ(1)+ Z Nﬂ(r,z)[H(r,{)—H(rﬂ,zﬂ)}bﬂ(f)+ (3-4)

all nodes €N gy
Z ZNﬂ(r’z)[Fﬂ/(;’¢))_Fm(;‘ﬂ’¢ﬂ)][ﬂm(f)
m n€Nyp

where N, is the set of nodes that the discontinuity has in its influence domain, while Nﬂp is the set of nodes inside a
predefined area around the crack tip (Fig. 1). H (r,z) is Heaviside eichment function and F,, represents crack tip

enrichment functions [19]. 7 and ¢ are the usual crack-tip polar coordinates. Also, «,, 4, and ¢,, ate vectors of the

nodal unknowns.

0, ()=t (). ()} b, ()= {5 (D () e () =1t ()22, () 69

S

Figure 1: Selection of enriched nodes for crack. Circled nodes ate enriched by the discontinuity function whereas the squared nodes
are enriched by the crack tip enrichment functions.

Displacement components for the element (e) with n nodal points are approximated by compact forms as follows
n=N,(r,z)a, (t)+D,(r,z)b; (1) +¥,, (r.3)e), (2) (3-6)

w=N,(r,z)a; (1)+D,(r.2)b; () +¥,,, (r.3) e, (1) -7

h=1,2, ...,neand m =1, 2, 3, 4, where ze is the number of nodes in an element. Also & and ¥ exhibit the enriched
parts of displacements related to crack path and crack tip enrichment, respectively [20]. Applying the weighted residual

integral to the equations of motion with respect to the weighting functions (r,z) , the formal Galerkin approximations

reduce to

169



%

(
M. Shariati et alii, Frattura ed Integrita Strutturale, 39 (2017) 166-180; DOI: 10.3221/IGF-ESIS.39.17 {'
i oS oS
[ rlpus +Lto, 205+ e | =, [=1,2,3,...,1s (3-8)
or r 0z
17(e) :
i oS, Ay,
Ir[pw&lﬂ—gr,z—i-a—%o%jdV—Fz [=1,2.3,....n5 (3-9)

V(e)
where 75 is the number of shape functions of the element ¢ and S, is the component of the vector S .

§={N;,N,,N3,N,,9,,5,,95,.8, ¥, ¥5,.¥5,. Vs, } (3-10)

m> = 2m>

For axisymmetric problems in cylindrical coordinates relations between the stresses and displacements can be expressed in
the form below [21].

u Ou Ow Ou
o, = —+—+— |+2u—
r  Or 0Oz or
oy =74 3_’_%_‘_6_”/ +2u—
r Or 0z r
(3-11)
o, =4 Z+%+a—w +2ya—w
¢ r Or 0% 0z
Lkl PR
By substituting Egs. (3.11) into Egs. (3.8) and (3.9) we have
@ A ﬁ+%+a_”/ _|_2/ua_” _5_/ A Z+%+a_ﬁ/ +2/,Iﬁ
- or r Or 0z or) r r Or 0% r
I rpuS,dl” + I r dl” =F,
50 0 | 05 fon ow G-12
0z oy Or
[=1.2.3,..ns
[ rowsd+ [ r @Ey[@+a—‘”n+@(ﬁ[ﬁ+@+a—”’j+2ya—”nw=Fz [=1,2,3,...,n5 (3-13)
) ) or 0z Or 0z r Or 0% 0z

By substituting displacements (Eqs. (3-6) and (3-7)) into Eqs. (3-12) and (3-13), and some manipulations, equations are
obtained which we can assemble them to a matrix form as below.

[MA}+[K]{A}=1{F} (3-14)
In this equation [M ] and [K] are the mass and stiffness matrices, respectively. Also {A} and {F } are the nodal

displacements and force vectors, respectively. Generally, for the fictional element ¢ which is enriched with both Heaviside
and crack tip enrichment functions, these matrices and vectors can be written as follows:
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[M]= J- ’”P[51]T [5‘1]6”/ (3-15)
()
[K]= [ 7[5,]" [P][S,]ar (3-16)
1 (e)
(AY={ap a5 80 ot} b =1234 (3-17)
T
{Fy={F.E} (3-18)

Matrices [51] and [S 2] are derived as follows:

N, ... N, O ... 0 O .. O
[51] _ 1 4 1 4 (3_19)
0 ... 0Ny ... Ny, O ... 0
0 ... 0Y¥y ... ¥yuo .. 0
g, ... D,0 DR STHET S
Nl X le 0 0 Ql X ®4,x 0 0
[S ] 0 0 Ny, Ny, 0 9, 5 Dy ) (3-20)
27Ny, Ny, 0 0 Gy/r .. Dy /r 0 0
Nl,)’ N4,»)/ Nl,x N4,x ®1,] ®4,] ®1,x ®4,x
LPll;c . I1144,9« 0 0
0 0 Vi, VY,
Y Yu/ o 0
r r
\P“,] 1P44,,}’ lPll,x \Pll,x
The material stiffness matrix [D] for axisymmetric problems is defined as below [22].
1-v v 14 0
E v 1-v v 0
[p)-—L 621
(1+v)(1-2v)| v v 1-v 0

0 0 0 (1-2v)/2

We use the Newmark method to solve equations of motion. The Newmark family is the most widely used family of direct
methods for solving the equation of motion which consists of the following equations [23].

[M]{AnH} + [K]{AnH} = {FnH}
{Aaf={A1+ AZ{A;M } +Ar [% - §j{A”} + Afzg{A;m} (3-22)

Arf={A, +ar(1=7){A, )+ Ay (A, )
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The Newmark family includes many widely used methods. The average acceleration method is one of them for structural
dynamics applications, which is unconditionally stable. In this method, y and ¢ are equal to 0.5 and 0.25, respectively.
We choose the mean acceleration method in this study.

INTERACTION INTEGRAL AND SIF COMPUTATIONS

he general form of domain integral for axisymmetric problems, introduced by Moran and Shih [24] is as follows:

I:—lf[(Vq:P)+(V-PT)-q]rdA (4-1)

%

where, 7, is the crack tip radial coordinate, g =¢(r,%)e, , Py =Wo; —oyu;, is the energy-momentum tensor and W is

summation of strain and kinetic energy. In this work, the interaction integral method is used to compute the mode I stress
intensity factor (Ki). By superimposing the actual and auxiliary fields on the domain integral, in the absence of thermal
strains the general axisymmetric form of interaction integral (MI) in local Cartesian coordinate systems on crack tip (Fig.
2) for FGMs is obtained as below.

MI =

\\ila

anx
u u q
2 4 g anx anx r anx
J- ( O 7 Oy Ui r _O-Z/gzy' )Q,r +(O-9 +0y _O-z ‘9// J_
T r r r
A

(O‘ ny +ogu, )7,>< (4-2)

anx
anx anx anx My "y anx
/k/rg/e/ ‘9/ (p” - z)”i,r _O-y',j”i,r+[o-6’ 7+O-6’ . — O,
oy, ) )q}!i

where ¢ is a weight function varying from unity at the crack tip to zero on boundary of domain 4 .

For a stationary crack in axisymmetric state, the relation between the M-integral and the SIF is identical to its relation in
plane strain state [25].

Figure 2: Local (r, z) coordinate system.

2
MI = —2<1 ) (KK + Ky ki) 43)

tip
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where Edp and v, denote Young’s modulus and Poisson’s ratio at crack tip, respectively. Consequently, K; and Kj; ate

tip
computed by replacing K{*™* =1, K™ =0 and K{™ =0, Kj™ =1 in eq. (4-3), respectively.

VALIDATION OF THE XFEM AXISYMMETRIC MODEL

reported values in previous researches.

In the first problem, a homogeneous solid cylinder with a central penny-shaped crack under uniform tensile load of
o =10 MPa, was modeled using the XFE model described in this work. The radius and length of cylinder are 50 mm and
100 mm, respectively. The central crack radius is 5 mm. The obtained SIF solution for this crack geometry is compared
with the analytical and numerical solutions given by Eshraghi and Soltani [12] in Tab. 1.
In the second example, a penny-shaped crack embedded in a homogeneous steel cylinder was considered. The ratio of
crack radius to cylinder radius and the ratio of crack radius to cylinder height were selected to 0.2 and 0.1, respectively.
The cylinder was under a uniform tensile stress of o =1 MPa. The calculated SIF (Kj) is compared with the
computational and analytical stress intensity factors reported by Tran and Geniaut [7], in Tab. 1.
Previous problem under the loading condition of a uniform tensile stress of o =1 MPa and rotation of =150 RPM
was considered as the third example.
In the fourth example, a complete circumferential surface crack at the inner wall of a hollow cylinder under constant axial
tension of o =105 MPa was studied. The values of the inner and outer radius of the cylinder were chosen to 50 mm and
55 mm, respectively with a crack length of 2.5 mm. The material was assumed to be linear elastic with values of the
Young’s modulus and the Poisson’s ratio of E = 200 MPa and v = 0.3. The computed SIF (Kj) is compared with the stress
intensity factor reported by Grebner and Ustrathmeier [26], in Tab. 1.

I n order to validate the results of the XFEM code, four problems were solved and their results were compared with

Problem RCpOI‘th results percent
. . Present work .
No. Analytical Numerical difference
1 25.27 [12] 25.23 [12] 2412 4.6
2 1.596 [7] 1.656 [7] 1.536 3.8
3 — 22.035 [7] 23.076 4.7
4 R 520 [26] 530.63 2

Table 1: Comparison of Ki values obtained by numerical simulation with those reported in the literature.

It seems that the obtained results based on the XFEM method agree very well with that reported in the literature.

NUMERICAL EXAMPLES

Penny-shaped crack embedded in a FG cylinder under static loading
n this example, an epoxy/glass functionally graded cylinder with a central penny-shaped crack (Fig. 3) under static
I uniform tensile load of o =1 MPa is analyzed. The values of the radius and height of the cylinder are chosen to
R=0.1 mand H=0.2 m, respectively. The material gradient parameter in eq. (2-1) is chosen to P =0.2. The outer
surface of the cylinder is made of the glass. The properties of the epoxy and glass are presented in Tab. 2 [27]. A 55 X 105
four-node rectangular element is used for meshing the models. A domain of 4 X 4 elements is used to calculate the
interaction integral and SIF.
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! | o= 1 mPa

I

Figure 3: (a) Schematic plot of a transparent circular solid cylinder with central Penny-shaped crack. (b) A finite element mesh for an
axisymmetric cross section used in the XFEM models.

. Young’s Poisson’s . 5

Material modulus (GPa) ratio Density (kg/m?)
Epoxy 3.2 0.34 1175
Glass 70 0.23 2500

Table 2: The properties of the epoxy and glass [27]

The obtained stress intensity factors Ky for different values of crack radius are plotted in Fig. 4. As expected, it is shown
that increasing the crack radius increases the stress intensity factor, since the stresses near the crack tip increase with
increasing the crack radius (Fig. 5).

The deformed mesh and the von Mises stress contours for an axisymmetric cross section are illustrated in Fig. 5. Note
that a 7000 times larger scale for displacements was used to plot Fig 5(a).
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Figure 4: Stress intensity factor versus ratio of crack radius to cylinder radius.

Penny-shaped crack embedded in a FG cylinder under dynamic loading

An epoxy/glass functionally graded cylinder with the same dimensions as the cylinder in the previous section (Fig. 3)
including a central penny-shaped crack with various radiuses under uniform impulsive tensile stress of o=1 MPa is
analyzed in this section. The time step and the material gradient parameter are chosen to Af=1us and P =02,
respectively. The impulsive tensile stress at time #=1us is applied to the upper surface of the cylinder and the stress
intensity factors are obtained at given time steps. The curves of SIF versus time for different crack radius are plotted in
Fig. 6. Before reaching the stress wave to the crack tip, the SIF is zero and as the wave approaches to the crack tip, the
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SIF dramatically increases. After passing the wave through the crack tip, the stress intensity factor reduces. Wave arrival
time to the crack tip decreases with increasing crack radius.

a=10.05m a=10.04 m a=0.06 m a=10.09 m
Figure 5: Deformed mesh and von Mises stress contours for the axisymmetric cross sections with various crack length.
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Figure 6: Plots of SIT vs. time for penny-shaped crack with various radiuses embedded in a FG cylinder under impulsive tension.

Figure 7: Schematic plot of a transparent hollow cylinder with internal circumferential crack.

FG hollow cylinder with internal circumferential crack under static loading

In this section, first an epoxy/glass functionally graded hollow cylinder with an inner circumferential crack with various
radiuses (Fig. 7) under static uniform tensile load of o =1 MPa is analyzed. The values of the height, inner and outer
radius of the cylinder are chosen to H=0.2 m, K; =0.1 m and R, =0.2 m, respectively.
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The influence of the change in the material gradient parameter P on the value of stress intensity factor Ki is considered.
The values of SIF for different crack length are plotted (in Fig. 8) versus P. For P =0 the constituent material of the
cylinder is pure epoxy. Fig. 8 shows that for large cracks the stress intensity factor decreases with increasing P, while for
cracks which their lengths are less than half of the wall thickness of the cylinder, the SIF curves are downward for P <0.5
approximately, and for larger values of P the SIF curves are upward.

5

6X 10
s 1 =().01
- =().03

50 Nl e a=0.05 A
g =0.07

4l |

27\\—_—‘—— i
17/ il
0 L L L L
0 1 2 3 4 5
P

Figure 8: SIF vs. P cutves for different values of circumferential crack length.

To study the effect of the rotational speed of cylinder on the SIF of circumferential crack, cylinders with different
circumferential crack length under various rotational speed are considered. For this purpose, the stress intensity factors are
calculated for different values of rotational speed of cylinders, which vary from 100 to 1900 rpm. In these analysis the
value of material gradient parameter is selected to P =0.2. The SIF vs. rotational speed of cylinder curves for different
values of crack length are illustrated in Fig. 9. As expected, the stress intensity factor increases with increasing rotational
speed because the radial component of body force is proportional to the squate of rotational speed of cylinder.

5
x 10
6
— g =(.09
----- a=0.07 ¢
SI | === =0.05 7
—— g =(.03 ¥
- 4 =0.0]
4 | -
«
&
< 3r b
&
o
2 | -
1 . -
0 L L
0 500 1000 1500 2000

RPM

Figure 9: SIF vs. rotational speed of cylinder curves for different values of circumferential crack length.

The longitudinal displacement and stress contours for an axisymmetric cross section of a hollow cylinder with a
circumferential crack of length 0.05 m under rotational speed of 1800 rpm are illustrated in Fig. 10.
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5

von Mises stress (Pa) longitudinal stress (Pa) Longitudinal displacement (m)
Figure 10: Stress and displacement contours for the axisymmetric cross sections of a cylinder with a circumferential crack of length
a = 0.05m at rotational speed of 1800 rpm.

For investigating the effect of the inner radius of the cylinder on the SIF, hollow cylinders with three different
circumferential crack lengths under static uniform tensile load of o =1 MPa are analyzed. In this analysis, the values of
the height and thickness of the cylinders are chosen to 0.2 m and 0.1 m, respectively. In addition, the material gradient
parameter is considered to be 0.2. The results are presented in Fig. 11. It is observed that K increases with increasing the
inner radius of hollow cylinder. For small crack sizes, the curve rises gradually. These behaviors have been reported in
reference [12].

10°
X
8
— o =().()] “‘-____..------.--.
T | === =0.03 1
wennnn g =() (5 “,-"
6 - 1
0.“
~ 5 :
o K5
i
< 4r O g
& s S—
MH 3t _————__-__-_ i
-
-~ -
2, -
1, |
O L L L L
0 0.2 0.4 0.6 0.8 1

R, (m)

Figure 11: Plots of SIF vs. inner radius of hollow cylinder under uniform axial tension for P =0.2 .

FG hollow cylinder with internal circumferential crack under dynamic loading
According to the previous section, an epoxy/glass functionally graded hollow cylinder with an inner circumferential crack
(Fig. 7) under impulsive tensile load is analyzed. The values of the height, inner and outer radius of the cylinder are chosen

to H=0.2 m, K, =0.1m and R, =0.2 m, respectively. In addition, the material gradient parameter is chosen to P =0.2
for this example. A uniform impulsive tension o =1 MPa at time t =1 ps is applied to the upper and lower surfaces of
cylinder and the stress intensity factors are obtained at specified time steps (A7 =1gs). The SIF vs. time curves for
different crack sizes are plotted in Fig.12.

The stress wave arrival time to the circumferential crack tip decreases with increasing crack radius similar to a penny-
shaped crack. Fig. 12 shows that the maximum value of SIF in dynamic loading condition is so much larger than its value

177



M. Shariati et alii, Frattura ed Integrita Strutturale, 39 (2017) 166-180; DOI: 10.3221/IGF-ESIS.39.17 Z

at static loading condition. The von Mises stress and Longitudinal displacement contours for an axisymmetric cross
section of a hollow cylinder with a circumferential crack of length 0.05 m at time # =26 s is illustrated in Fig. 13.

4
x 10

3.5

s (1 =().09
3r - =().07 1
sammmE g =005
—@= 4 =(.03
— e =0.01

0 0.5 1 1.5 2 2.5 3 3.5 4
Time (S) X 10’5
Figure 12: Plots of SIF vs. time for circumferential crack with various depths embedded in a FG cylinder under impulsive tension.

x10°
25

- 1.5
von Mises stress (Pa) Longitudinal displacement (m)

Figure 13: Stress and displacement contours for the axisymmetric cross section of a cylinder with a circumferential crack of length « =
0.05 m under impulsive tension at time # = 26 4.

To investigate the effect of the material gradient parameter P on the SIF of circumferential crack in dynamic loading
condition, some functionally graded hollow cylinders composed of epoxy/glass with different values of parameter P
under impulsive tensile load are analyzed. The impulsive tension o =1 MPa at time t=1 ps is applied to the upper
surface of cylinders and the stress intensity factors are obtained at specified time steps (A =1y ). SIF cutves in term of
time are plotted in Fig. 14.

It is concluded from Fig. 14 that increasing the material gradient parameter P decreases the maximum SIF value so long
as P<1 while for P>1 the maximum SIF value increases with increasing P . In addition, the speed of stress wave
decreases with increasing P .
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Figure 14: Plots of SIF vs. time for circumferential crack embedded in an epoxy/glass cylinder under impulsive tension.
CONCLUSIONS

methods in functionally graded materials. The stress intensity factors for penny-shaped and circumferential cracks in
the epoxy/glass circular cylinders under static and dynamic loading conditions were computed using the interaction
integral method. Finally, the following results were obtained from this research:
1- Increasing the crack radius increases the stress intensity factor.
2- Wave arrival time to the crack tip decreases with increasing crack radius.

I n this study, equations of motion in cylindrical coordinate system were solved using the XFE and Newmark’s

3- For hollow cylinders with large circumferential crack sizes (a/ (Ro —RZ-) >0.5), the stress intensity factor decreases

with increasing the material gradient parameter P (increasing glass inclusion).

4- For hollow cylinders with circumferential cracks which their lengths are less than half of the wall thickness of the
cylinder, the SIF curves are downward for P < 0.5 approximately, and for larger values of P the SIF curves are upward.
5- Increasing the rotational speed of the cylinder increases the stress intensity factor.

0- The SIF increases with increasing the inner radius of hollow cylinder. However, for small crack sizes, the effect of inner
radius on SIF value is small.

7. Fot epoxy/glass hollow cylinders with circumferential cracks under impulsive tension, increasing the matetial gradient
parameter P decreases the maximum SIF value so long as P <1 while for P>1 the maximum SIF value increases with
increasing P . In addition, the speed of stress wave decreases with increasing P .

REFERENCES

[1] Walters, M.C., Paulino, G.H.; Robert, H.D.Jr., Computation of mixed-mode stress intensity factors for cracks in
three-dimensional functionally graded solids, J. Eng. Mech., 132(1) (2006) 1-15.

Doi: 10.1061/(ASCE)0733-9399(2006)132:1(1).

[2] Moulick, S.K., Sahu, Y.K., Stress intensity factor for internal cracks in thick walled pressure vessels using weight
function technique, National conference on innovative paradigms in engineering & technology (NCIPET),
Proceedings published by International Journal of Computer Applications (IJCA), 10 (2012) 6-12.

[3] Meshii, T., Watanabe, K., Closed form stress intensity factor of an arbitrarily located inner-surface circumferential
crack in an edge-restraint cylinder under linear radial temperature distribution, Eng. Frac. Mech., 60(5) (1998) 519-
527. DOI: 10.1016/S0013-7944(98)00046-0.

179



o4
4

M. Shariati et alii, Frattura ed Integrita Strutturale, 39 (2017) 166-180; DOI: 10.3221/IGF-ESIS.39.17

[4] Chen, Y.Z., Stress intensity factors in a finite length cylinder with a circumferential crack. International Journal of
Pressure Vessels and Piping, 77 (2000) 439-444. DOI: 10.1016/S0308-0161(00)00047-8.

[5] Lee, D-S., A long circular cylinder with a circumferential edge crack subjected to a uniform shearing stress,
International Joutrnal of Solids and Structures, 39 (2002) 2613-2628. DOI: 10.1016/S0020-7683(02)00150-6.

[6] Jones, LS., Impulse response model of thermal striping for hollow cylindrical geometries, Theoretical and Applied
Fracture Mechanics, 43(1) (2005) 77-88. DOI:10.1016/j.tafmec.2004.12.004.

[7] Tran, V-X., Geniaut, S., Development and industrial applications of X-FEM axisymmetric model for fracture
mechanics, Eng. Frac. Mech. 82(2012) 135-157. DOI:10.1016/j.engfracmech.2011.12.002.

[8] Wu, L., Zhang, L., Guo, Y., Extended finite element method for computation of mixedmode stress intensity factors in
three dimensions, Procedia Engineering 31 (2012) 373 — 380. DOI: 10.1016/j.proeng.2012.01.1039.

[9] Predan, J., Mocilnik, V., Gubeljak, N., Stress intensity factors for circumferential semi-elliptical surface cracks in a
hollow cylinder subjected to pure torsion, Eng. Frac. Mech., 105 (2013) 152—168.
DOI: 10.1016/j.engfracmech.2013.03.033.

[10] Sharma, K., Singh, 1.V., Mishra, B.K., Bhasin, V., Numerical modeling of part-through cracks in pipe and pipe bend
using XFEM, Procedia Materials Science 6 (2014) 72 — 79. DOI: 10.1016/j.mspro.2014.07.009.

[11] Seifi, R., Stress intensity factors for internal surface cracks in autofrettaged functionally graded thick cylinders using
weight function method, Theoretical and Applied Fracture Mechanics, 75 (2015) 113—-123.
DOLI: 10.1016/j.tafmec.2014.11.004.

[12] Eshraghi, 1., Soltani, N., Stress intensity factor calculation for internal circumferential cracks in functionally graded
cylinders using the weight function approach, Eng. Frac. Mech., 134 (2015) 1-19.
DOI: 10.1016/j.engfracmech.2014.12.007.

[13] Hatta, H., Taya, M., Equivalent inclusion method for steady state heat conduction in composites, Int. J. Eng. Scie.,
24(1986) 520-524. DOI: 10.1016/0020-7225(86)90011-X.

[14] Mori, T., Tanaka, K., Average stress in matrix and average elastic energy of materials with misfitting inclusions, Acta
Materialia, 21 (1973) 571-574. DOI: 10.1016/0001-6160(73)90064-3.

[15] Kim, J-H., Paulino G.H., Isoparametric graded finite elements for nonhomogeneous isotropic and orthotropic
matetials, ASME J. Appl. Mech., 69 (2002) 502-514. DOI: 10.1115/1.1467094.

[16] Rao, S.S., The finite element method in engineering, Fifth edition, Butterworth-Heineman, London, (2010).

[17] Sadd, M.H., Elasticity: theory, applications and numerics, second edition, Academic Press, San Diego, (2009).

[18] Rokhi, M.M., Shariati, M, Coupled thermoelasticity of a functionally graded cracked layer under thermomechanical
shocks, Arch Mech, 65(2) (2013) 71-96.

[19] Mohammadi, S., Extended finite element method, Blackwell, London, (2008).

[20] Rokhi, M.M., Shariati, M., Implementation of the extended finite element method for coupled dynamic thermoelastic
fracture of a functionally graded cracked layer. | Braz Soc Mech Sci Eng, 35 (2013) 69-81.
DOI: 10.1007/540430-013-0015-0.

[21] Lai, W.M., Rubin, D.H., Rubin, D., Krempl, E., Introduction to continuum mechanics, Butterworth-Heinemann,
London, (2009).

[22] Logan, D., A first course in the finite element method, Cengage Learning, Boston (2011).

[23] Hughes, T"J., The finite element method: linear static and dynamic finite element analysis, Courier Dover Publications,
New York, (2000).

[24] Moran., B., Shih, C.FF., Crack tip and associated domain integrals from momentum and energy balance, Engineering
Fracture Mechanics 27(6)(1987) 615-642. DOI: 10.1016/0013-7944(87)90155-X.

[25] Gosz, M., Moran, B., An interaction energy integral method for computation of mixed-mode stress intensity factors
along non-planar crack fronts in three dimensions, Eng. Frac. Mech., 69(3) (2002) 299-319.
DOI: 10.1016/S0013-7944(01)00080-7.

[26] Grebner, H., Ustrathmeier, U., Investigation of different isoparametric axisymmetric crack tip elements applied to a
complete circumferential surface crack in a pipe. Computers & Structures, 21(6) (1985) 1177-1180.
DOI: 10.1016/0045-7949(85)90172-5.

[27] Kirugulige, M.S., A study of mixed-mode dynamic fracture in advanced particulate composites by optical
interferometry, digital image correlation and finite element methods. Dissertation, Auburn University, (2007).

180




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


