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Abstract:

Introduction/purpose: This study investigates the influence of contour
numbers surrounding the crack tip on stress intensity factors (SIFs) using
the Propagation Finite Element Method Crack Tip Stress Intensity Factor
(PFEMCT-SIF) approach. It also compares the maximum circumferential
stress criterion (MCSC) and the Richard criterion for crack propagation
prediction.

Methods: A finite element code written in Visual Fortran was developed to
model crack tips with 3, 5, 10, 15 and 20 contours using 4-node quadratic
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 analytical
solutions and previous numerical studies.

Results: The 10-contour model showed the best agreement with analytical
SIF values. Increasing contour numbers improved SIF accuracy for
horizontal cracks, but excessive refinement led to divergence for inclined
cracks. The MCSC and the Richard criterion produced comparable crack
trajectories, with the MCSC demonstrating slightly higher precision.
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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 mechanics simulations.

Key words: crack tip, crack propagation, SFEMCT-SIF method, MCSC
and Richard criterion, contours.

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, application 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.

Alshoaibi (2015) 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 (2000) used the EFGM method to eliminate the
Lagrange multipliers drawbacks, typically used in the Galerkin
formulations without elements. Boulenouar et al. (2014) used the
displacement extrapolation technique to obtain the SIF at the crack front.
Zaleha et al. (2007) evaluated the displacement extrapolation technique
(DET) for the prediction of stress intensity factors. Cho (2015) evaluated
the Petrov-Galerkin natural elements method (PG-NE), and proposed
mixed modes to calculate the stress intensity factors of a two-dimensional
inclined crack. (Boulenouar et al, 2016b) presented 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 (2016) 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. (2007) used the strain energy density criterion on
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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 (1984),
Boulenouar et al. (2013, 2016a), Ayatollahi & Sedighiani (2012), Pegorin
et al. (2012), Choi et al. (2006) and ductile materials (Komori, 2005; Chow
& Jilin, 1985; Carpinteri, 1984).

Another study proposed by Boulenouar & Bendida (2019) is based on
the implementation of the displacement 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 proposed by Yaylaci (2016) 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 (2023) and Bentahar et al. (2024) to evaluate the
stress intensity factor by the FEM method.

For a precise estimation of stress intensity factors in mode |, 1l and
the mixed mode, Saijith et al. (2018) 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
I, Il and in the mixed mode.

Malekan et al. (2018) 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. (2021a) and by Bentahar (2023a, 2023b) using the XFEM
method.

To obtain the stress intensity factors at the crack front, Benamara et
al. (2017) proposed a study for homogeneous materials based on the
displacement extrapolation technique (DET).

Using a Fortran program, Alshoaibi (2018) 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 (MCSC) and the
Richard criterion for 3, 5, 10, 15, and 20 contours around the crack tip
region. In addition, 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 |,
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| =Kimax = Kimin. (Figure 1) shows the
three propagation regimes.
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Figure 1 — Explanatory diagram of the three crack propagation regions in case of mode |

* In region |, 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 AK is greater than AKsedi.

* In region Il, 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 stable
propagation regime

(1)
4o _ C(4aK)"

N

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.
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* In region lll, there is a so-called unstable propagation regime. It is
characterized by a strong acceleration of the crack and AK tends towards
the toughness of the material Kic which is experimentally observed during
the rupture of the part.

The propagation speed is here higher than that expected in the Paris
regime (region Il).

Crack propagation criteria

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 (Erdogan & Sih, 1963) and the minimum strain energy density
theory criteria (Sih, 1974).

Maximum circumferential stress criterion (MCSC)

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
006. This is because 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:

tans = |25 (K’)2+8 (2)
M7 2k, T \k,

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

Criterion of Richard 2D

This criterion was developed empirically by Richard (1985) and
Rossmanith (1984). Here, the comparative stress intensity factor Kv is
defined by equation (3):

_ KI 1 2 2 _
KV — ? + E KI + 5366KH - I(IC (3)
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KV is based on the stress intensity factors K, and Ky, and the fracture
toughness Kic is related to Ky and crack growth is discontinuous when Ky
is greater than Kic. This criterion provides an excellent approximation of
the fracture limit surface of the maximum tangential stress criterion of
Erdogan & Sih (1963). The crack pucker angle 6 can be determined by
equation (4):

2
o K . K
0=TF|(140 __IKul 70 (—I ul ) (4)

K|+ Kyl K| + K]

when the bending angle is 8< 0, K;; > 0, on the one hand, and, on the other
hand, K, always > 0.

Influence of the number of singularity area contours

Crack origin

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 (5):

X(CT) = a}
{Y(CT) =0 ®)

where

(a) is the crack length, and

(CT) is the crack tip designation.

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/+r.
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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 transformation 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/r - an elastic-linear behavior characteristic.

u 0O K

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

N

Figure 3 — Element types chosen for modeling.

Singularity zone outlines
From the point node (CT) of the crack point, the singular elements
created by equation (6):
L
x; = X(CT) — j¥cos((i - 1)9)
L (6)
y; = Y(CT) — jzsin(ie)
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i =1.16 (number of elements in each contour);
j =1, t (contour number); and
0 = 11/16 (angle division).

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

Stress field in the crack front vicinity

Figure 4 illustrates the stress field near a crack point with the polar
coordinates (r, 8) in the crack tip (CT) by equation (7).
(7)

K
ol(r6)=—"LF(0)

Figure 4 — Stress field in the crack tip (CT) - properties
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The position of the stress field in the polar coordinates (r, 8) for an
isotropic linear elastic material at the crack tip is determined by equation

(8):
K, 0( 0. 30} (8)
= cos—| 1 —sin—sin—
2 2 2

2xr

XX

o= K, cosg(l+singsin£j
o 2 2 2

K, .
7. =—F——=SIN—COS—COS—
Y2 20 20 2

Tada et al. (2000) 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.

Stress intensity factor

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 (2014). For the crack in the opening position, the relationship
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 (1984) and the correction factor (F) is given by equation (10):

K, = Fovan ©)

where F is the correction factor given by:

a a2 a3 a\?4 (10)
F=112-023 (W) +10.6 (W) —21.7 (W) +30.4 (W)
where the stress intensity factor K; is calculated by the relation:
K;sin6 + K;;(3cosf — 1) (11)

Numerical model and simulation

Horizontal crack propagation

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
elements with four nodes. The total number of degrees of freedom is equal
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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 uniform 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.
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Figure 5 — 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

Figures 6a, b, and cillustrate a very long horizontal crack with different
crack tip shapes used by Alshoaibi & Ariffin (2008), FRANC2D and the
PFEMCT-SIF method. On the other hand, numerically, Figure 7 shows the
three comparison methods presented by a) Phongthanapanich &
Dechaumphai (2004), b) Rao & Rahman (2000) and c¢) 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). Table 1 below presents the comparison between the
results obtained by the method (EFGM) proposed by Rao & Rahman
(2000) and the results obtained by the PFEMCT-SIF method.
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(@) ®) ©

Figure 6 — Crack tip model: a) Alshoaibi & Ariffin (2008), b) FRANC2D, and
¢) PFEMCT-SIF method

(@ () © @

Figure 7 — Crack propagation in the case of a = 0° a) 3 contours, b) 5 contours, c) 10
contours, d) 15 contours, and e) 20 contours, (f) Phongthanapanich & Dechaumphai (2004),
and (j) Rao & Rahamen (2000)

© ® 0

Table 1 — Comparison of the results obtained by the PFEMCT-SIF method and the
method proposed by Rao & Rahman (2000) concerning the stress intensity factors Ki and
K in the case of different numbers of contours (3, 5, 10, 15, and 20 contours).

PFEMCT-SIF method

(Rao &
Rahman,

3 contours 5 contours 10 contours 15 contours 20 contours 2000)

Ki K Ki Ki Ki Ki Ki Ki Ki Ki Ki Ki

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 | 4408 | 33.03 | 4.427 | 33.30 | 4.440 | 32.66 | 4.408 | 33.03 | 4.427 | 33.30 | 4.440

32.92 | 4453 | 33.31 | 4475 | 33.60 | 4492 | 32.92 | 4453 | 33.31 | 4475 | 33.60 | 4.492

32.62 | 4465 | 33.36 | 4.482 | 33.65 | 4499 | 32.62 | 4.465 | 33.36 | 4.482 | 33.65 | 4.499

32.78 | 4471 | 33.37 | 4.484 | 33.67 | 4.500 | 32.78 | 4.471 | 33.37 | 4.484 | 33.67 | 4.500

32.78 | 4471 | 33.37 | 4.484 | 33.67 | 4500 | 32.78 | 4.471 | 33.37 | 4.484 | 33.67 | 4.500
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Figure 8 — (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.

Figure 8 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 proposed by
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Phongthanapanich & Dechaumphai (2004) and the PFEMCT-SIF method
presented for different numbers of contours (3, 5, 10, 15, and 20 contours).
In the case of a = 0°, the crack trajectory remains very comparable.

Figure 8b 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 describes the stress and strain field near the crack tip (CT) in the
conditions of pure mode |. The comparison 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
o

a

(a) (b)

Figure 9 — 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 10 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 11 presents the crack trajectory comparison in modes | and Il
in the case of a = 6.8 mm between the three methods: the EFGM proposed
by Rao & Rahman (2000), the adaptive Delaunay triangulation method
proposed by Phongthanapanich and Dechaumphai (2004) and the
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PFEMCT-SIF method presented in this study for different numbers of
contours (3, 5, 10, 15, and 20 contours).

Figure 12 shows the comparison of the crack trajectory between the
study presented by Phongthanapanich & Dechaumphai (2004) and Rao &
Rahman (2000) and the PFEMCT-SIF method. First of all, the angle a
varies between 0° and 2.533° (Figure 9), i.e., the crack propagates
horizontally along the opening mode (modes | and Il), as shown in Figure
11.

| ]

Figure 10 — Crack propagation trajectory a =-15.60° a) 3 contours, b) 5 contours, c) 10
contours, d) 15 contours, and e) 20 contours, by the PFEMCT-SIF method in the first
propagation

(a) (b) (c) (d) (e

Figure 11 — Crack propagation trajectory by the PFEMCT-SIF method: a) 3 contours, b) 5
contours, c) 10 contours, d) 15 contours, and e) 20 contours, (f) Phongthanapanich &
Dechaumphai (2004) and (j) Rao & Rahman (2000)
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Figure 12 — Comparison of the results between the three methods: Rao & Rahman
(2000), Phongthanapanich & Dechaumphai (2004), and the PFEMCT-SIF method

The comparison in Figure 12 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 Tables 2 and 3, 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
PFEMCT-SIF method method

3 5 10 15 20 Ki ale]
contours | contours | contours contours contours

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 77.31 78.41 78.16 79.25 75.68 1.691
112.2 114.9 115.3 116.4 118.9 114.51 2.533
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Table 3 — Comparison of the results obtained by the PFEMCT-SIF method and the
analytical method for the stress intensity factors Ki for different numbers of contours (3, 5,

10, 15, and 20 contours)

Kii [MPa.(m)"?] Analytical
PFEMCT-SIF method method
3contours | 5 10 15 20 K al°]

contours | contours contours contours
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 -2.111 -2.283 -2.038 2.533

1204

100
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@®
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Figure 13 — Comparison of the stress intensity factors between the PFEMCT-SIF method
and the analytical method proposed by Ewalds & Wanhill (1984): a) K and b) Ki
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In Figures 13a and 13b, it can be noted that the results of the crack
length effect on the stress intensity factor K, (Figure 13a) and on K (Figure
13b) clearly illustrate the proportionality between the results of the study
presented and the analytical method for equations (9), (10) and (11)
proposed by Ewalds & Wanhill (1984). 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 (2014), Alshoaibi & Ariffin (2008) in different cases of
crack propagation for both modes | and .

9,0 0
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Figure 14 — Crack propagation path PFEMCT-SIF method by: a) Richard criterion and b)
MCS criterion

Figure 14 illustrates the crack propagation trajectory by two criteria of
crack propagation: Figure 14a presents the results obtained by the Richard
criterion, and Figure 14b shows the results obtained by the MCS criterion. It
is important to predict the evolution of the crack trajectory during the
propagation by the two criteria. 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. However, 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.
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Figure 15 illustrates the inclination angle variation (a) according to the
twist angle (6) 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, (Richard's and that of the maximum tangential stress). We
have chosen the criterion of the maximum circumferential 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 Figures 15a,
b, ¢, d, and e 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 angle
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 singularity 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 Ky> 0, of the angle 6 <0 and vice versa,
while K, always> 0.

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 (2000).
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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 (2000) is 10 contours. Therefore, we can say
that this is the average case between the cases used and it helps to
evaluate and find acceptable values for the stress intensity factor (SIF) by
the PFEMCT-SIF method.
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TIPO DE ARTICULO: articulo cientifico original
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 tension (SIF) utilizando el enfoque del factor de intensidad de tensién de
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la punta de la grieta del método de elementos finitos de propagacion
(PFEMCT-SIF). También compara el criterio de tensién circunferencial
maxima (MCSC) y el criterio de Richard para la prediccion de la
propagacion de grietas.

Métodos: Se desarrollé un codigo de elementos finitos escrito en Visual
Fortran para modelar puntas de grietas con 3, 5, 10, 15 y 20 contornos
utilizando elementos CPE4 cuadraticos de 4 nodos. Se ultilizé 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: EI modelo de 10 contornos mostré la mejor concordancia con
los valores analiticos de SIF. El aumento de los numeros de contorno
mejord la precision de SIF para grietas horizontales, pero el refinamiento
excesivo provoco divergencia para grietas inclinadas. EI MCSC y el criterio
de Richard produjeron trayectorias de grietas comparables, y el MCSC
demostré una precision ligeramente superior.

Conclusién: El método PFEMCT-SIF evalua eficazmente las SIF y predice
las trayectorias de propagacion de grietas. Un modelo de punta de grieta
de 10 contornos equilibra la precision y la eficiencia computacional. El
estudio destaca la importancia de optimizar el refinamiento de la malla de
la punta de la grieta en las simulaciones de mecanica de fracturas.

Palabras claves: punta de grieta, propagacion de grietas, método
SFEMCT-SIF, MCSC y criterio de Richard, contornos.

YucneHHas onTMM3aumnsa pacnpocTpaHeHns TpeLLmHbl B IMHENHO-
ynpyrom maTtepuane metogom PFEMCT-SIF

Myxammed Bentaxap?, Hypedurn Mamyaun@, FOcyg Mynan Ap6u®

2 YHuepcuteT Cangbl Mynan Taxap, TEXHONOrMYeckuii oakyrnbTeT,
Kadeapa rpaxxaaHcKoro CTpouTensCTBa Y rMapaBrmKy,
Cawnga, Amxupckas HapogHast emokpaTtuyeckas Pecnybnuvka

6 YuusepcuteT Tywmn Myctadpbl Ctambynu, nabopaTopusi KBAHTOBOW (OU3UNKM
mMaTepum u MmatemaTtudeckoro mogenvposanus (LPQ3M),
Mackapa, Amxupckas HapogHas [JemokpaTuyeckast Pecnybnuka,
KOppPecnoHAeHT

PYBPUKA TPHTW: 30.19.00 MexaHuka gedopMmpyemoro TBepaoro tena
B[O CTATbW: opurmHanbHas HayyHas ctatbsl

Peswome:

BeedeHue/uenb: B OdaHHOU cmambe uccrniedyemcsi 8/usiHUE Yucrna
KOHMYpPOB, OKPYXatoWux 6epWwUHy MmpewuHbl, Ha Ko3ghguyueHmsbl
UHmMeHcueHocmu HanpskeHul (SIFS) ¢ ucnonb3osaHuem memoda
KOHEYHbIX 3/1eMEHMOo8 pacrnpocmpaHeHus KoaghcbuyueHma
UHMeHcusHocmu HarnpsikeHud 8 sepuiuHe mpewuHsl (PFEMCT-SIF).
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B cmambe makxe cpasHusalomcs Kpumepuli MaKcuMasibHO20
OKpyXxHo20 HanpskeHuss (MCSC) u kpumepul no Puvapdy 0ns
MPO2HO3UpPOBaHUS PACPOCMPaHEHUST MPEUUH.

Memodbi: B xode uccnedosaHusi 6bi  paspabomaH KOHEYHO-
anemMeHmHbIU KOO, HanucaHHbIU 8 Visual Fortran, dnsi ModenuposaHusi
sepwuH mpewuH ¢ 3, 5, 10, 15 u 20 koHMypamu U ¢ Ucrofb308aHUEM
4-y37108bIX 4YembIpexyeosbHbIX arnemeHmos CPE4. [IpozpammHoe
obecnieyeHue Abaqus ucrionb3oganiocb 07 pacyema pasmMepos
mpewuH U yaroe opueHmayuu mpewuH. bbinu npoaHanusuposaHb!
20pU3OHMasbHbIE U HAaKIOHHbIE MPeWUHbl 8 CMmalbHOM Jucme,
nodsepsHymom pacmsausarowel Haepyske. Pesynbsmambl 6biiu
nodmeep>x0eHbl aHaIUMUYECKUMU peweHUsMU U npedbidyuwumu
YUCIeHHbIMU UcC1ed08aHUusIMU.

Pesynbmamei: B pe3ynbmame uccrnedogaHusi 10-koHmypHasi Modersib
rnokasana Haurydwee coomeemcmeue C  aHanumuyeckumu
3HayveHusamu SIF. YeenudeHue 4ucrna KOHmMypo8 yiyquusio moYyHocms
SIF y eopusoHmarnbHbIX MpewuH, 8 Mo 6peMsi Kak 4pe3mepHasi
MI0MHOCMb CeMKU rpueera K pacxoxX0eHUto 8 HaKIMOHHbLIX MpeujuHax.
Kpumeputi MCSC u kpumepuli Pu4yapda Odanu conocmasumble
mpaekmopuu mpewuH, npudem MCSC oka3zarncsi 6oree moyHbIM.

Bbi8odbi: Memod PFEMCT-SIF aghghbekmusHO oueHusaem rnapamempsbi
SIF u npozHo3upyem nymu pacripocmpaHeHusi mpewuH. Takxe
ebisierieHo, 4mo  10-KoHmypHasi MOOeslb  8EPWUHbI  MPEeUUHbI
obecrieyusaem banaHC Mex0y MOYHOCMbBIO U  8bl4UCTIUMENbHOU
aghgpekmusHocmbro. B uccnedosaHuu nodyepkueaemcsi 3Ha4YUMOCMb
onmumu3ayuu rniIomMHOCMU CEMKU 8epLIUH MPeUUH rnpu ModernuposaHuu
MexaHUKU pa3pyweHusl.

Knrouesble croga: eepluuHa mpelwuHbl, pacrnpocmpaHeHue mpeuiuHsbl,
memod SFEMCT-SIF, kpumeputi MCSC u kpumeputi Pu4apda, KoHmypal.

Hymepuuka onTuMmmnsaumja wmpera npcnuHe y NMHeapHoM
enacTtnyHom matepujany nomohy metoga PFEMCT-SIF

Myxamed BerTaxap®, Hypedur Mamyan?, Jycygh Mynaun Ap6u

2 YHuepanteT y Cavam ,Jp Mynau Taxap”, TexHonowku dakynTeT,
JenapTmaH 3a rpaheBMHapCTBO 1 XMOPaymnuKy,
Cawuga, HapogHa Oemokpatcka Peny6nuka Amxump

6 YHusepautet ,MycTtacpa CtamBonu”, labopaTopuja 3a KBaHTHY OU3NKY
martepwvje n matematuyko mogenupare (LPQ3M),
Mackapa, HapoaHa [lemokpatcka Peny6nuka Amkup,
ayTop 3a Nnpenucky

OBJIACT: mexaHuka
KATEIFOPWUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj
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Caxemak:

Yeod/uyurb: Y 0eoj cmyduju ucriumyje ce ymuuaj 6poja KoHmypa Koje
OKDYXYjy 6px npcriuHe Ha chakmope UHmMeH3umema HaroHa (stress
intensity factor - SIF) kopuwherem npucmyna PFEMCT-SIF (Propagation
Finite Element Method Crack Tip Stress Intensity Factor). Takohe, nopede
ce Kpumepujym MakcumasiHoe 0600HOe Hanpesama (maximum
circumferential stress criterion — MCSC) u kpumepujym no Richard-y 3a
npedsuharbe WupeHa rpcruHe.

Memode: Kod koHayHux ernemeHama, HarnucaH y Visual Fortran-y,
passujeH je 3a Moderiogarbe 8pxoea rpcruHa ca 3, 5, 10, 15 u 20 koHmypa
romohy keadpamHux efilemeHama 4qucmoe onmepehera ca 4 4sopa
(CPE4). Cogpmeep Abaqus kopuwheH je 3a uspadyHagame ¢hakmopa
UHMeH3umema HarioHa U yarioea opujeHmauuje rpcruHa. AHanusupaHe
CYy XOpu30oHmarHe U HazHyme rpcriuHe Ha YesiudHoj oYU fpu HarnoHy Ha
3amesarbe. Pesynmamu cy nomepheHu rnopehememM ca aHanumuykum
peweruma U npemxo0HUM HyMepUYKUM cmyodujama.

Pesynmamu: Moden ca 10 koHmMypa rnokasao je Hajborbe crazare ca
aHanumu4kum  epedHocmuma ¢hakmopa UHMeH3umema HarloHa.
lNosehare 6poja koHMypa mnobosrbwano je npeyusHocm ¢hakmopa
UHMeH3umema HarioHa K00 Xopu30oHmarsHux rfpcrauHa, 00K je npesesiuka
2ycmuHa mpexe doserna 00 dusepzeHyuje KoQ HaeHymux npcrnuHa. Oba
Kkpumepujyma (MCSC u Richard) dana cy ynopeduse rymarse npcriuHe,
fpu 4yeMy je KpumepujyM MakcumarHoz 0bo0HO2 Harpe3arsa Nokasao
Hewmo eehy npeyusHocm.

3akmbyyak: Memoda PFEMCT-SIF ecpukacHo nipoueryje chakmope
UHMeH3umema HarioHa u npedsufa nymeese wupera ripcriuHa. Mooden
epxa npcnuHe ca 10 KoHmypa npedcmaerba banaHc u3mehy
npeyusHocmu u padyHapcke egbukacHocmu. MicmakHyma je eaxHocm
onmumu3auuje eycmuHe Mpexe e8pxa [MpchuHe y cumynayujama
MexaHUKe sioma.

KrbyuyHe pedu: epx ripcruHe, wupere npcnuHe, memoda SFEMCT-SIF,
kpumepujym MCSC u kpumepujym no Richard-y, koHmype.
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