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stress criterion (MCSC) and the Richard criterion for crack propagation pre-

diction. Methods: A finite element code written in Visual Fortran was devel-

oped to model crack tips with 3, 5, 10, 15 and 20 contours using 4-node quad-

® ratic CPE4 elements. Abaqus software was utilized to calculate SIFs and

@ crack orientation angles. Horizontal and inclined cracks were analyzed in a

steel plate under tensile loading. The results were validated against analyti-

cal solutions and previous numerical studies. Results: The 10-contour model

(c[elo n] showed the best agreement with analytical SIF values. Increasing contour

SJ numbers improved SIF accuracy for horizontal cracks, but excessive refine-

ment led to divergence for inclined cracks. The MCSC and the Richard crite-

rion produced comparable crack trajectories, with the MCSC demonstrating

slightly higher precision. Conclusions: The PFEMCT-SIF method effectively

evaluates SIFs and predicts crack propagation paths. A 10-contour crack tip

model balances accuracy and computational efficiency. The study highlights

the importance of optimizing crack tip mesh refinement in fracture mechan-
ics simulations.
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INTRODUCTION

In fracture mechanics, crack propagation modeling by different numerical methods plays a beneficial
role in solving various problems.

It is significantly used in fracture mechanics, structures calculation, materials fatigue and damage, etc.
It also makes it possible to treat certain thermal, energetic and electromagnetic fatigue problems.
Precise prediction of the fatigue life of components or structures creates a great interest in modeling
and mechanical engineering applications. In this regard, there is now an increasing need to be able to
accurately simulate initial cracks in structures. To solve various problems in fracture mechanics, appli-
cation of numerical methods proves to be useful. Therefore, numerical methods have been widely
developed in recent years, and remain among the most used methods and offer solutions for a very
large number of applications.
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Alshoaibi ( ) characterized the singularity and the stress intensity factors around the crack tip; he
also used the motion extrapolation method to simulate crack propagation in 2D by the finite element
method of a linear elastic plate.

Rao & Rahman ( ) used the EFGM method to eliminate the Lagrange multipliers drawbacks, typi-
cally used in the Galerkin formulations without elements. Boulenouar et al. ( ) used the displace-
ment extrapolation technique to obtain the SIF at the crack front. Zaleha et al. ( ) evaluated the
displacement extrapolation technique (DET) for the prediction of stress intensity factors. Cho ( )
evaluated the Petrov-Galerkin natural elements method (PG-NE), and proposed mixed modes to calcu-
late the stress intensity factors of a two-dimensional inclined crack. ( ) pre-
sented a study based on numerical examples demonstrating the efficiency, the robustness and the
precision of the calculation algorithm allowing to predict the crack propagation path. Yaylaci ( )
proposed a comparative study between the finite element method (FEM) and the analytical method
of a composite material with planar layers containing a perpendicular internal crack. However, Hamdi
et al. ( ) used the strain energy density criterion on filled rubber materials to predict the initial
orientation of a central crack in the case of large strains. Thus, this criterion was validated in the two
cases of fragile and ductile materials: fragile materials by Theocaris ( ), Boulenouar et al. (2013,

), Ayatollahi & Sedighiani (2012), Pegorin et al. (2012), Choi et al. ( ) and ductile materials

( ; ;

Another study proposed by Boulenouar & Bendida ( ) is based on the implementation of the dis-
placement correlation technique (DCT) and the maximum circumferential stress (MCS) theory in a
finite element code by the use of the Ansys Parametric Design Language (APDL).

A comparative study between the finite element method (FEM) and the analytical method was pro-
posed by Yaylaci ( ) to solve a plane problem of a laminated composite material containing an
internal perpendicular crack using Ansys software in elements finished for 2D analysis. On the other
hand, a crack propagation study was presented by Bentahar & Benzaama ( ) and Bentahar et al.
( ) to evaluate the stress intensity factor by the FEM method.

For a precise estimation of stress intensity factors in mode |, Il and the mixed mode, Sajith et al. ( )
proposed a simple and effective technique based on finite elements which uses nodal displacements
of crack faces for a precise estimation of the stress intensity factors in mode |, Il and in the mixed
mode.

Malekan et al. ( ) presented a work based on the XFEM method to model nucleation and crack
propagation in structures made of linear or non-linear materials. In addition, different energies were
evaluated by Bentahar et al. ( ) and by Bentahar ( , ) using the XFEM method.

To obtain the stress intensity factors at the crack front, Benamara et al. ( ) proposed a study for
homogeneous materials based on the displacement extrapolation technique (DET).

Using a Fortran program, Alshoaibi ( ) presented a numerical simulation-based study of crack
growth, using the extrapolation technique of displacement to obtain singular stresses in the crack
front and the values of the stress intensity factors. In addition, this method is used to find out the
crack direction by the maximum circumferential stress criterion.

The aim of this study is to model the effect of the number of contours at the crack tip on the stress
intensity factor by the (SFEMCT-SIF) method using the maximum circumferential stress criterion
(MCSQ) and the Richard criterion for 3, 5, 10, 15, and 20 contours around the crack tip region. In addi-
tion, this work uses Fortran to program correctly and control evenly the number of contours around
the crack tip.
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LAW OF FATIGUE CRACK PROPAGATION IN 2D

To estimate the growth rate of fatigue cracks, Paris & Erdogan (1963) used the most common model,
that of a crack stressed in pure mode I, with an applied load; the direction in this case is compatible.

It propagates depending on the material parameter and the environment. The value AKseuil lower
than the amplitude of the stress intensity factor for a loading cycle AK =K __ - K .. (Figure 1) shows

Imax

the three propagation regimes.
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4
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Figure1.
Explanatory diagram of the three crack propagation regions in case of mode |

¢ Inregion I, the cracking rates in this regime are very low.

We observe the coalescence of microcracks and the formation of one or more macrocracks; for this,
the value of AKis greater than AK__ .
¢ Inregion ll, the cracking rate is linear. In this regime on the log - log diagram, the Paris law, defined
by equation (1), establishes a linear relationship between log(da) and log(AK) - this is a so-called sta-
ble propagation regime

(1) 5% = C@AK)™

where AK is the variation of the stress intensity factor during a cycle that induces an advance da of
the crack, and C and m are two parameters of the material defining respectively the position and the
slope of the Paris line.

e Inregion lll, there is a so-called unstable propagation regime. It is characterized by a strong acceler-
ation of the crack and AK tends towards the toughness of the material K which is experimentally

observed during the rupture of the part.

The propagation speed is here higher than that expected in the Paris regime (region II).
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In order to simulate crack propagation under the linear elastic condition, the crack path direction
must be determined. There are several methods used to predict the direction of the crack trajectory
such as the maximum normal stress theory (or the maximum circumferential stress theory (

) and the minimum strain energy density theory criteria ( ).

The maximum circumferential stress criterion (MCSC) is a criterion that requires the calculation of the
stress intensity factors K and K to determine this bending angle, on the one hand, and, on the other

hand, it indicates that the crack always propagates in the direction of the maximum ¢66. This is be-
cause the direction of crack growth is directly determined by the local stress field along a small circle
of the radius r centered at the crack tip:

0 1K, /KZ
(2)tan5= [ZK_IIIi (K_III )+8]

where K and K are, respectively, the stress intensity factors corresponding to mode | and Il loading.

This criterion was developed empirically by Richard ( ) and Rossmanith ( )- Here, the compara-
tive stress intensity factor Kv is defined by equation

(3) Ky = 5L+ 5 /K2 + 5.366K2 = Ky,

KV is based on the stress intensity factors K and K, and the fracture toughness K is related to K, and
crack growth is discontinuous when K| is greater than K .. This criterion provides an excellent approx-

imation of the fracture limit surface of the maximum tangential stress criterion of Erdogan & Sih
( )- The crack pucker angle 8 can be determined by equation

- o |Knl or Kl 2
— F140° —Kul_ _ 0o IKul
(4)0 = F[140" e ~ 70 (i)

when the bending angle is 6< 0, K > 0, on the one hand, and, on the other hand, K, always > o.

The CT point is the crack front center and the starting point for creating the other nodes by this
method. The coordinates of this point are given by equation

(CT)=a
) {);(CT) =0
where

(a) is the crack length, and
(CT) is the crack tip designation.
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Singularity zone

The singularity zone is found in the crack front zone (plasticization zone) where the stresses gradients
and deformations are the most important; there, singular elements were used.

For the Abaqus simulation, the CPE4 type elements were chosen. This element type is used for 2D
models, quadrilateral with four nodes, and it is well suited for simulation. Thus, singular elements are
used around the crack front. These singular types "quarter point" elements are collapsed quadratic
elements.

These elements are obtained by following different stages:

1. Move the knots from the side connecting the middle to the crack front "quarter-point" (L/4) closer
to the crack front, making from this mode the singularity effect reproduction 1/vr.

2. Collapse one of the sides (2D) or one of the faces (3D) belonging to the crack front so that these
nodes collapsed on this side or this face will have the same coordinates. The reason for this transfor-
mation from a quadrilateral or a quadrangular prism to a triangle or a triangular prism is that the first
only shows a singular behavior around the singular point of the crack while the second reproduces
singularity in its whole domain.

3. Restrict the coincident nodes on the collapsed side or face for a joint movement, i.e., completely
united, which allows the reproduction of the singularity 1/Vr - an elastic-linear behavior characteristic.
Figure 2 Figure 3

Crack tip

Figure 2.
lllustration of a quadrilateral element reduced to obtain a triangular element, (Bentahar et al, 2021b)

B

Figure 3.
Element types chosen for modeling.
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Singularity zone outlines
From the point node (CT) of the crack point, the singular elements created by equation (6):

( ){xl- = X(CT) — j7cos ((i — 1)6)
6

Yi = Y(CT) — j7sin (i)
i =1.16 (number of elements in each contour);

j =1, t (contour number); and
0 = /16 (angle division). Figure 4

Figure 4.
Singularity zone with its contours and its elements - illustration.

STRESS FIELD IN THE CRACK FRONT VICINITY

Figure 5 illustrates the stress field near a crack point with the polar coordinates (r, 8) in the crack tip
(CT) by equation (7).

Figures.
Stress field in the crack tip (CT) - properties
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LI _ K
(7) g% (r,0) = \/%fu(e)

The position of the stress field in the polar coordinates (r, ©) for an isotropic linear elastic material at
the crack tip is determined by equation

8) o —icosg(l—sin % sin ﬁ)0 —Lcosg(1+singsin ﬁ)T =X sin Zcos Zcos 22
XX \2mr 2 2 277YY T 2w 2 2 277X T 2w 2 2 2
Tada et al. ( ) proposed a general equation to describe the stress field in 2D in the crack front

vicinity; the latter is defined by the stress intensity factor K.

The stress intensity factor K is the only important parameter that allows to know the state of stress
and deformation at any crack point, Fiordalisi ( ). For the crack in the opening position, the rela-
tionship between the distal stress perpendicular to the crack axis o and the stress intensity factor K, is
given analytically by equation (9) proposed by Ewalds & Wanhill ( ) and the correction factor (F) is
given by equation

(9) K; = Favar

where F is the correction factor given by:
= — a 232 _ 253 ay4
(10) F = 1.12 = 0.23(;) + 10.6(;)° — 21.7(;))" + 30.4()
where the stress intensity factor K is calculated by the relation:

(11) K;sinf + K;;(3cosf — 1)

The structure considered has a length B of 12 mm and a width W of 10 mm. The horizontal crack length
a is 3.5 mm and the length of the front Z is 1.5 mm. The parametric mesh consists of 478 square CPE4
type to 1016. The Fortran program for creating the mesh that will be analyzed by the Abaqus finite
element code has been applied. The steel structure with E = 210 GPa and v = 0.3 is subjected to a uni-
form tensile stress ¢ = 120 MPa. To study and characterize the stress field in the crack tip vicinity, a
several front contour numbers are proposed for the optimization of this area and therefore, the
stress intensity factor in the mixed mode is calculated. The mesh including the numbers of 3, 5, 10, 15,
and 20 contours is analyzed while keeping the same type of CPE4 elements at 4 nodes.

a, b, and c illustrate a very long horizontal crack with different crack tip shapes
used by Alshoaibi & Ariffin ( ), FRANC2D and the PFEMCT-SIF method. On the other hand, numeri-
cally, shows the three comparison methods presented by a) Phongthanapanich &

Dechaumphai ( ), b) Rao & Rahman ( ) and ¢) PFEMCT-SIF method, in the case of a horizontal
crack with an angle a = 0° and a = 3.5 mm. In addition, this study has different contours numbers (3, 5,
10, 15, and 20 contours). below presents the comparison between the results obtained by the
method (EFGM) proposed by Rao & Rahman ( ) and the results obtained by the PFEMCT-SIF
method. ( )
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Figure 6.

a) Geometry model with boundary conditions and the proposed structure dimensions for a horizontal crack of the
length a and b) PFEMCT-SIF model with different numbers of contours for the singularity zone
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Figure 7.
Crack tip model: a) Alshoaibi & Ariffin (2008), b) FRANC2D, and ¢) PFEMCT-SIF method
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Figure 8.
Crack propagation in the case of a = 0°: @) 3 contours, b) 5 contours, ) 10 contours, d) 15 contours, and e) 20 contours,

(f) Phongthanapanich & Dechaumphai (2004), and (j) Rao & Rahamen (2000)
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Table 1. Comparison of the results obtained by the PFEMCT-SIF method and the method proposed by Rao & Rahman (2000) con-
cerning the stress intensity factors K, and K, in the case of different numbers of contours (3, 5, 10, 15, and 20 contours).

PFEMCT-SIF method

(Rao & Rahman, 2000)

3 contours 5 contours 10 contours 15 contours 20 contours

K Ki K| Ky K Ky K Ki K Ky K Ky
30.32 4.099 30.73 4.128 31.05 4.151 30.32 4.099 30.73 4.128 31.05 4.151
32.66 4.408 33.03 4-427 33.30 4440 32.66 4.408 33.03 4.427 33.30 4.440
32.92 4-453 33.31 4.475 33.60 4492 32.92 4453 33.31 4-475 33.60 4492
32.62 4.465 33.36 4.482 33.65 4-499 32.62 4.465 33.36 4.482 33.65 4-499
3278 4.471 33.37 4.484 33.67 4.500 32.78 4.471 33.37 4.484 33.67 4.500
32.78 4.471 33.37 4.484 33.67 4.500 3278 4.471 33.37 4.484 33.67 4.500

Figure 9 shows the comparison of the crack propagation in mode I, of the length a = 3.5mm between
the three methods (EFGM) proposed by Rao & Rahman (2000), Adaptive Delaunay triangulation pro-
posed by Phongthanapanich & Dechaumphai (2004) and the PFEMCT-SIF method presented for dif-

ferent numbers of contours (3, 5, 10, 15, and 20 contours).

—a— PFEMCT-SIF method
9,04 |—e— Phongthanapanich and Dechaumphai [39)
—a&— (EFGM)Rao and Rahamen [2]

8,54
E N0 @@ @ 6 66 6 e
= 7,54
7.0 4
6,54
00 05 10 15 20 25 30 23S 1,0
X[mm]
(a)
35 T T T ‘ll N
= °*
30 . ‘

o
3
1

—=— K (3 contours)
—&— K; (5 contours)
—&— K (10 contours)
—»— K, (15 contours)

—o— Kj; (3 contours)
—wv— Ky (5 contours)
—&— Ky (10 contours)
—&— Kj; (15 contours)

15 4 —*— K, (20 contours) —&—K;; (20 contours) o
—a—XK; (Rao and Rahamen [2]) Ky (Rao and Rahamen [2]

K, and K [MPa(m)]'"?
lé)
1

v "

Figure 9.
(a) Crack trajectory obtained by the three methods and (b) comparison between the results obtained by the method
proposed by Rao & Rahman (2000) and the the PFEMCT-SIF for different numbers of contours.
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In the case of a = 0°, the crack trajectory remains very comparable.

Figure gb shows the evaluation of the SIF between the PFEMCT-SIF method presented for different
numbers of contours and the method proposed by Rao & Rahman (2000); it can be noted that the
comparison between these results allows to conclude that the numerical model used correctly de-
scribes the stress and strain field near the crack tip (CT) in the conditions of pure mode I. The compar-
ison was made in the cases of the ratios a/w = 0.1, 0.2, 0.3, 0.4 and 0.5. It can be noted that the results
obtained are the best.

Inclined horizontal crack propagation

Figure 10

G

(a) (b)

Figure 10.
a) Inclined horizontal crack proposed model geometry of the length a and the inclination angle a for five propagations,
and b) inclined horizontal crack PFEMCT-SIF model

Figure 11 illustrates the crack propagation trajectory concerning the angle of crack a=-15.60° with 3, 5,
10, 15, and 20 contours, by the PFEMCT-SIF method in the first propagation.

Figure 12 presents the crack trajectory comparison in modes I and Il in the case of a = 6.8 mm between
the three methods: the EFGM proposed by Rao & Rahman (2000), the adaptive Delaunay triangula-
tion method proposed by Phongthanapanich and Dechaumphai (2004) and the PFEMCT-SIF method
presented in this study for different numbers of contours (3, 5, 10, 15, and 20 contours).

Figure 13 shows the comparison of the crack trajectory between the study presented by Phongthana-
panich & Dechaumphai (2004) and Rao & Rahman (2000) and the PFEMCT-SIF method. First of all, the
angle a varies between 0° and 2.533° (Figure 10), i.e., the crack propagates horizontally along the
opening mode (modes | and I1), as shown in Figure 12.
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Figure 11.
by the PFEMCT-SIF method in the first propagation

(a) (b) (©) (d) (e)

Crack propagation trajectory by the PFEMCT-SIF method: a) 3 contours, b) 5 contours, ¢) 10 contours, d) 15 contours,

Crack propagation trajectory a = -15.60° a) 3 contours, b) 5 contours, ¢) 10 contours, d) 15 contours, and €) 20 contours,

Figure 12.
and e) 20 contours, (f) Phongthanapanich & Dechaumphai (2004) and (j) Rao & Rahman (2000)

9,0

—a— PFEMCT-SIF method
8.5 - —e— Phongthanapanich and Dechaumphai [39]

—a&— (EFGM)Rao and Rahamen [2]

ES,0-

=

>

7,5 4
7,0 T T T T T T
0 1 2 3 7

X[mm)]

Figure 13.
Comparison of the results between the three methods: Rao & Rahman (2000), Phongthanapanich & Dechaumphai

(2004), and the PFEMCT-SIF method



Bentahar, M. et al.

The comparison in shows a good correlation between the three methods, especially in mode

| up to a slit length of (a= 3.5) mm. The calculations of Y are based on equation (5). Moreover, the

results of the comparison between the analytical method and the PFEMCT-SIF method are shown in
and , respectively.

Table 2. Comparison of the results obtained by the PFEMCT-SIF method and the analytical method for the stress intensity factors K;
for different numbers of contours (3, 5, 10, 15, and 20 contours)

KI [MPa.(m)"]

Analytical method
PFEMCT-SIF method

3 contours 5 contours 10 contours 15 contours 20 contours K, af]
32.92 33.03 33.60 33.66 33.75 33-4 -15.60
42.63 43.20 43.63 43.58 43.87 42.9 -0.8237
55.51 56.38 57.03 56.93 57-47 56.95 0.9473
75.88 7731 78.41 78.16 79.25 75.68 1.691
112.2 114.9 115.3 116.4 118.9 114.51 2.533

Table 3. Comparison of the results obtained by the PFEMCT-SIF method and the analytical method for the stress intensity factors K,
for different numbers of contours (3, 5, 10, 15, and 20 contours)

Kil [MPa.(m)""]

Analytical method
PFEMCT-SIF method

3 contours 5 contours 10 contours 15 contours 20 contours Ky af]
4.453 4.475 4.492 4.483 4.499 4.324 -15.60
0.2590 0.2419 0.2278 0.2359 0.2094 0.2404 -0.8237
-0.3796 -0.4120 -0.4385 -0.4267 -0.4807 -0.4006 0.9473
-1.017 -1.071 -1.113 -1.095 -1.187 -1.056 1.691
-1.975 -2.067 -2.000 -2.11 -2.283 -2.038 2.533

In and , it can be noted that the results of the crack length effect on the stress

intensity factor K ( )and on K, ( ) clearly illustrate the proportionality between the

results of the study presented and the analytical method for equations (9), and proposed by

Ewalds & Wanhill ( )- The results agree well in the case of the ten-contour model; regarding the
case of K, and K, they are somewhat distant in the case of the 20-contour model. This is due to the

fact that whenever the crack is in a tilting state, the crack tip contours are affected and a divergence
from the reference values occurs.

This comparison is made in the case of the length from 3.5mm to 5.5mm. In addition, the K, values
increase with increasing the crack length and the K values decrease. These forms of the results were

obtained by Boulenouar et al ( ), Alshoaibi & Ariffin ( ) in different cases of crack propagation
for both modes | and Il.
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Figure 14.

Comparison of the stress intensity factors between the PFEMCT-SIF method and the analytical method proposed by
Ewalds & Wanhill (1984): a) K, and b) K|,

Figure 15 illustrates the crack propagation trajectory by two criteria of crack propagation: Figure 15a
presents the results obtained by the Richard criterion, and Figure 15b shows the results obtained by

the MCS criterion.
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Crack propagation path PFEMCT-SIF method by: a) Richard criterion and b) MCS criterion

It is important to predict the evolution of the crack trajectory during the propagation by the two crite-
ria. The numbers of 5, 10, 15, and 20 contours give very proportional results between them. A slight
difference is obtained in the case of 3 contours by the Richard criterion, on the one hand, while, on
the other hand, 5, 10, and 15 contours of the crack tip give a good correlation between them. Howev-
er, a slight difference is obtained in the case of 20 contours in the MCS criterion; in this context, the
results obtained by Bouchard (2000) and Bouchard et al. (2003) found that the MCS criterion gives
good results compared to other crack propagation criteria.

Figure 16 illustrates the inclination angle variation (a) according to the twist angle (8) and calculated
by the Richard criterion and the MCS criterion. Equations (2) and (4) are used and estimated at each
crack length. The results obtained by the PFEMCT-SIF are comparable between the two criteria, (Rich-
ard's and that of the maximum tangential stress). We have chosen the criterion of the maximum cir-
cumferential stress (MCS). The use of the MCS criterion gives a crack propagation trajectory very
close to that obtained using the Richard criterion, as shown in Figure 16a, Figure 16b, Figure 16¢, Fig-
ure 16d, and Figure 16e which have presented the comparison for different numbers of the contours -
3,5,10,15, and 20 contours, respectively.

CONCLUSION

It can be noted that:

This study had two important parts to compare. The first one is based on the comparison in terms of
crack trajectory - it can be seen that the results obtained from this comparison are very consistent
with the studies presented by Phongthanapanich & Dechaumphai (2004) and Rao & Rahman (2000).
The second part of this study is based on the evaluation of the stress intensity factor and compared
by the work of Rao & Rahman (2000). Two cases have been considered, a crack with a horizontal an-
gle a = 0° and a crack with a horizontal angle a ranging from -15.60° to 2.533° In fact, this study is
based on the effect of the number of contours around the crack point (CT) on the stress intensity
factor (SIF).

Singular quarter-point elements proposed by Barsoum (1976) are used to numerically model the sin-
gularity of the stress and strain fields in the vicinity of the crack tip to calculate the SIF by the PFEMCT-
SIF method. The MCS criterion presents more precise results than that of Richard's criterion, in which,
for K > 0, of the angle 8 <0 and vice versa, while K, always> o.



Numerical optimization by the PFEMCT-SIF method of the crack propagation of a linear...

5 5
—e— 3 contours (Richard criterion) —=— 5 contours(Richard criterion)
—*— 3 contours (MCS criterion) —e— 5 contoursQMCSC criterion)
04 0
54 5
s =
-10 4 -10 -
-154 -15 1
46 14 -12 10 -8 6 -4 -2 0 4 6 14 -2 10 8 6 4 2 0 2 4
al’] al’]
(a) (b)
4 5
—a— 10 contours(Richard criterion) - —
A —a— |5 contours (Richard critetion)
o LR —e— 15 contours ( MCS critetion))
0-
-4 4
54
@ -8- )
-10-
124
154
-16 4
16 -14 412 -10 8 6 -4 -2 0 : 46 14 1210 8 6 4 2 0 2 4
af°] af’]
(c) (d)
5
—a— 20 contours(Richard criterion)
—e— 20 contours(MCS criterion)
04
— -5-
)
-10 4
-15 4
16 -14 -12 8 6 4 2 0 2 4
al’]
(e)
Figure 16.

Comparison between the MCS and the Richard criterion by the PFEMCT-SIF; a) 3 contours, b) 5 contours, ¢) 10 con-

tours, d) 15 contours, and e) 20 contours
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In general, the stress intensity factor K is increased with the increase in the crack length (a). However,
the stress intensity factor K, is decreased with increasing the crack length (a).

This study was very useful in terms of Fortran programming, and it is not easy to program a structure
that contains a square end of a crack that contains several numbers of contours, by using the
PFEMCT-SIF method to evaluate the stress intensity factor SIF.

As the crack begins to extend and tilt at an angle a, the crack tip elements become interconnected
with each other.

Moreover, it can be seen that in the first case where a = 0, it is found that the more refined the crack
front, the better the proportionality with the validation method proposed by Rao & Rahman ( ).

In the second case, when the angle q, is inclined, the best and closest number of contours around the
crack front with the validation method proposed by Rao & Rahman ( ) is 10 contours. Therefore,
we can say that this is the average case between the cases used and it helps to evaluate and find ac-
ceptable values for the stress intensity factor (SIF) by the PFEMCT-SIF method.
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Optimizacion numérica por el método PFEMCT-SIF de Ia
propagacion de grietas en un material elastico lineal

Resumen:

Introduccién/objetivo: Este estudio investiga la influencia de los nimeros de contorno
que rodean la punta de la grieta en los factores de intensidad de tensidn (SIF) utilizando
el enfoque del factor de intensidad de tensidn de la punta de la grieta del método de
elementos finitos de propagacién (PFEMCT-SIF). También compara el criterio de tension
circunferencial maxima (MCSC) y el criterio de Richard para la prediccién de la propaga-
cién de grietas. Métodos: Se desarrollé un cédigo de elementos finitos escrito en Visual
Fortran para modelar puntas de grietas con 3, 5, 10, 15 y 20 contornos utilizando elemen-
tos CPE4 cuadrdticos de 4 nodos. Se utilizé el software Abaqus para calcular los SIF y los
angulos de orientacién de las grietas. Se analizaron grietas horizontales e inclinadas en
una placa de acero sometida a carga de traccién. Los resultados se validaron frente a
soluciones analiticas y estudios numéricos previos. Resultados: El modelo de 10 contor-
nos mostrd la mejor concordancia con los valores analiticos de SIF. El aumento de los
nimeros de contorno mejord la precisidon de SIF para grietas horizontales, pero el refi-
namiento excesivo provocé divergencia para grietas inclinadas. El MCSC y el criterio de
Richard produjeron trayectorias de grietas comparables, y el MCSC demostrd una preci-
sién ligeramente superior. Conclusién: El método PFEMCT-SIF evalla eficazmente las SIF
y predice las trayectorias de propagacion de grietas. Un modelo de punta de grieta de 10
contornos equilibra la precisidn y la eficiencia computacional. El estudio destaca la im-
portancia de optimizar el refinamiento de la malla de la punta de la grieta en las simula-
ciones de mecdnica de fracturas.

Palabras claves: punta de grieta, propagacion de grietas, método SFEMCT-SIF, MCSC y
criterio de Richard, contornos.
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Numerical optimization by the PFEMCT-SIF method of the crack propagation of a linear...

YucneHHasa onTUMU3aLMA pacnpoCTPaHEHUA TPELLUHbI B
/IMHEeMHOYNpyrom matepuaze metogom PFEMCT-SIF

Pestome:

BBegeHue/ue b: B gaHHOM cTaTbe UCCIeAyeTCA B/UAHWE YUC/Ia KOHTYPOB, OKPYKatoLLMX
BEPLUMHY TpelMHbl, Ha KO3DOUUMEHTbl MHTEHCMBHOCTM Hampskenuit  (SIFS) ¢
MCMO/Ib30BaHMEM METO/Aa KOHEYHbIX 3/16MEeHTOB PacrnpoCTpaHeHUAa KO3PPULUMEHTa WH-
TEHCMBHOCTM HanpskeHWit B BepwuHe TpewuHsl (PFEMCT-SIF). B cratbe Take
CPaBHMBAOTCA KPUTEPUIA MAKCUMA/IBHOTO OKPYKHOro HanpsxeHua (MCSC) u kputepuit
no Puwyapgy A/nA NPOrHO3MpOBaHUA pacrnpocTpaHeHusa TpewuH. MeTtogbl: B xoge
nccne0BaHMA 6bin paspaboTaH KOHEYHO3/1@MEHTHBIN KO, HanncaHHbiv B Visual Fortran,
ANA MOAE/IMPOBAHUA BEPLUMH TPELLMH C 3, 5, 10, 15 1 20 KOHTYPaMm1 U C UCMO/Ib30BaHMEM
4-y3/10BbIX YeTblpexyro/ibHbix 3n1emeHToB CPE4. MporpammHoe obecneyveHne Abaqus mc-
no/1b30BaNoCh A/1f pacyeTa pasMepoB TPELMH U Yr/10B OPUEHTauuKn TpeLwuH. Boian np-
0aHa/IM3MPOBaHbl FOPU30HTA/IbHbIE U HAK/IOHHbIE TPeLMHbl B CTa/IbHOM /UCTE, MO-
ABEPrHyTOM pacTAruBatollelt Harpyske. Pe3yabTaTbl OblM  MOATBEPXKAEHbl  aH-
A/IMTUYECKUMM PELLEHUAMM U NPEAbIAYLLIMMU YUCI@HHBIMU UCCeA0BaHMAMK. Pe3ybTaTbl:
B pesy/bTarte nccneaoBaHMA 10-KOHTYpHaA MOZe/1b NMOKasasia Haunydllee COOTBETCTBUE C
AHa/IMTUHECKMMU 3HaYeHuAMHM SIF. YBeim4eHne Yncaa KOHTYPOB YAyHLLIMAO0 TOYHOCTb SIF y
rOPU30HTa/IbHbIX TPELLMH, B TO BpeMA Kak Ype3mepHad NN0THOCTb CeTKM NnpuBena K pa-
CXOX/EHUIO B HAK/IOHHBIX TpelmHax. Kputepuit MCSC 1 Kputepuit Pudapga ganm co-
NoCTaBUMble TPAEKTOPUM TpeLLmH, npudem MCSC okasascA 6os1ee TouHbIM. BeiBoabl: Me-
Toa PFEMCT-SIF a¢pdektnBHO oueHnsaeT mapameTtpbl SIF u nporHosupyeT nyTu pa-
CrpOCTPaHeHMA TpeLMH. TakXe BbIAB/IEHO, YTO 10-KOHTYpHaA MOge/Ib BEepLUUHbI
TpeLmHbl obecrneunBaeT 6a/1aHC MeXAY TOYHOCTBIO U BbIYUC/IUTE/IbHOM 3G PEKTUBHOCTDLIO.
B nccnegoBaHmnm nogyepKMBaeTcAa 3HaYMMOCTb ONTUMM3ALMM MIOTHOCTU CETKU BEPLUUH
TPELLUH NPU MOAE/IMPOBAHUN MEXAHUKU Pa3pyLUEHUA.

Kztouessle c/10Ba: BEpLUMHA TPELLMHbI, pacnpocTpaHeHne TpewmHbl, Metog SFEMCT-SIF,
Kputepuit MCSC 1 KpuTepuit Pudapga, KOHTYpbl.
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Hymepuyka ontumMmu3auuja wupera npc/imHe y IMHeapHOM
eNacTU4YHOM maTepujany nomohy metoga PFEMCT-SIF

CaxkeTak:

YBoga/um/mb: Y 0BOj CTYAM|M UCnUTYje ce yTuLaj 6poja KOHTYpa Koje OKpY:KYjy BpX MpCinHe
Ha ¢akTope mMHTeH3uTeTa HamnoHa (stress intensity factor - SIF) kopuwherem npuctyna
PFEMCT-SIF (Propagation Finite Element Method Crack Tip Stress Intensity Factor). Ta-
Kohe, mnopege ce KpUTEPUjyM MaKCMMasHOr 06oAHOr Hamnpesamwa (maximum
circumferential stress criterion — MCSC) u kputepujym no Richard-y 3a npeasubatve win-
pera npcinHe. MeTtoge: Kog KOHauHuX esiemeHaTa, HanucaH y Visual Fortran-y, passujeH
je 3a MopgenoBare BpXxOBa NMpC/IMHA ca 3, 5, 10, 15 M 20 KOHTYpa nomohy KBagpaTHUX
e/lemeHara uncrtor ontepehema ca 4 ysopa (CPE4). CoptBep Abaqus KopuiwheH je 3a
M3payvyHaBatbe paKkToOpa MHTEH3UTETa HaroHa W Yr/10Ba OpujeHTaluje npciMHa. AHaansm-
paHe Cy XOpPM3OHTa/IHE M HarHyTe MPC/IMHE Ha Ye/IM4HOj N/104M MPU HaMoHY Ha 3aTesame.
Pe3yntatu cy notBpheHun nopeherbemM ca aHa/IMTUYKUM peLLebuMa U NMPeTXOAHUM Hyme-
PUYKMM CTyaujama. Pesyatatn: Mogen ca 10 KOHTypa MoKasao je Hajbos/be charame ca
aHa/IMTUYKUM BpeAHOCTMMA (aKTopa MHTeH3uTeTa HanoHa. osehamwe 6poja KOHTypa
no6o/bLasno je npeumsHocT GakTopa MHTEH3UTETA HaMoOHa KO4 XOPU3OHTa/NHMUX NPC/IMHA,
AOK je mpeBe/IMKa ryCTMHa Mpexe f0Be/1a A0 AMBEPreHLuje Ko4 HarHyTux npcivHa. Oba
kputepujyma (MCSC u Richard) gana cy ynopeause nyTarbe Npc/ivHe, Npu YEMY je KpuTe-
pUjym MakcumanHor obogHor Hampesara nokasao HelwTo Behy npeuusHocT. 3ak/bydak:
MeTtoga PFEMCT-SIF edukacHo npoueryje $pakTope MHTEH3MUTeTa HaroHa U npegsuha
nyTeee luMpewa npcinHa. Mogesn Bpxa NMpCIMHe ca 10 KOHTypa npeacTas/ba HanaHc
nsmehy npeumsHOCTM 1 padyHapcke ePUKaCHOCTU. MCTakHyTa je BaXKHOCT onTumMu3aLuje
ryCcTUHe Mpexe Bpxa NpC/IuHe Y CMMy/almMjaMma MexaHuKe oma.

K/byuHe peun: Bpx NpC/ivHe, WwmMpere npcanHe, metoga SFEMCT-SIF, kpuTtepujym MCSC n
Kputepujym no Richard-y, KoHType.
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