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ABSTRACT

This paper introduces a new approach to calculate stress intensity factors based on a combination of
Displacement Extrapolation Method and Peridynamic Theory. After obtaining the displacement field from
Peridynamic Theory, by appropriately selecting nodes at the crack tip region and their displacements yield
stress intensity factors at the crack tips. To demonstrate the capability of the proposed approach, three
different benchmark problems are considered including plate with a central crack, plate with an edge
crack and plate with a slanted crack. Results evaluated from the current approach are compared against
analytical and finite element analysis results, and good agreement is obtained between three different
approaches. This shows that coupled Displacement Extrapolation Method and Peridynamic Theory ap-
proach can be an alternative method to calculate stress intensity factors.
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1. INTRODUCTION

Stress intensity factor was first introduced by Irwin [1] to describe the stress distribution around the crack tip region,
and widely used to predict fatigue crack growth [2]. With the development of the calculation of SIF in the following
years, several theoretical formulations had been developed to help researchers to determine the stress field around
crack tips including central crack in an infinite plate under uniform uniaxial stress [3], edge crack in a plate under
uniaxial stress [4] and slanted crack in a biaxial stress field [5] etc.

The numerical methods, such as Finite Element Method (FEM) and Boundary Element Method (FEM), provided
researchers more choice to calculate the SIF. Analytical solutions were used in some studies for validation of numerical
results. For example, both [6] and [7] used FEM to simulate stress intensity factor and compare the results with simple
analytical solutions. Moreover, BEM was used by [8] to compute two-dimensional SIF and compared with the results
calculated from displacement correlation method given by [9], [10] and [11]. The analytical solutions of SIF can be
calculated based on various of formulations, such as formulations based on stress applied on the crack surface which
can be calculated from the force applied on the model [12], and crack opening displacements (COD) were computed
by [13] using the expression given by [14]. Lim et al. [15] summarised and compared different displacement-based
stress intensity factor formulations. However, many researchers usually use numerical methods to simulate either dis-
placement field or stress field around the crack tip area, and then use corresponding displacement-based or stress-based
formulation to compute the stress intensity factor. For instance, Lazzarin and Tovo [16] used FEM to solve the stress
field and then applied it to the formulation given by [17]. FEM had also been used by [18] to calculated the displace-
ment field in order to compute the SIF. Similarly, BEM was used by [19] and [20] to simulate the stress and displace-
ment field respectively, and then apply the results to the corresponding formulation to compute SIF. Unlike the most
widely used FEM and BEM, both boundary collocation method (BCM) [21], finite difference method (FDM) [22] and
extend finite element method (X-FEM) [23] can also be used to calculate the SIF. Due to the relationship between the
strain energy release rate and stress intensity factor, both [24] and [25] used J-integral to compute the strain energy
release rate around crack tip and then converted it to SIF. As an alternative approach, a new continuum mechanics
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formulation, peridynamics, can be used to determine SIF. Imachi et al. [26] determined mixed-mode dynamic SIFs by
using ordinary-state based peridynamics based on the J-Integral value of the crack tip. Hu et al. [27] and Panchadhara
and Gordon [28] presented a procedure to calculate J-Integral in bond-based peridynamic framework. Stenstrom and
Eriksson [29] proposed a new procedure on J-Integral calculation in peridynamic framework by writing J-Integral as
a function of displacement derivatives.

In this paper, a new approach is presented to determine SIF by using displacement extrapolation method (DEM) in
peridynamic framework. Peridynamic (PD) theory is first used to obtain the displacement field around the crack surface.
Then, by using the evaluated displacement field, DEM is utilized to compute the SIF. DEM was introduced by [30]
and also been used by [23] to calculate SIF. Details of PD theory can be found in various studies available in the
literature [31-42]. A brief information about PD theory will be given in the next section. To demonstrate the capability
of the coupled DEM and PD approach to calculate SIFs, three benchmark cases are considered and PD results are
compared with analytical and FEM results.

2. PERIDYNAMIC THEORY
The equation of motion of a material point in classical continuum mechanics (CCM) can be expressed as follows:
pXi(x,t) =V-o+b(xt) (D

where p(x) denotes density of the material and ii(x,t) represents the acceleration of the material point x at time

t. Moreover, o and b(x,t) represent the stress tensor and body force, respectively. Although the CCM equation

of motion has been widely and successfully applied to different engineering problems, since there is a divergence
operator V in Equation (1), this divergence operator brings significant limitations to this equation when solving a
material system with discontinuities, such as cracks. According to [43], this limitation can be resolved by replacing the
divergence operator with an integral term

pii(x, 1) = [, fu(x,t) —ux,t),x" —x)dV, +b(x,1) (2)

where u (x,t) represents the displacement of the material point x attime t, V. represents the volume of the ma-
terial point, and f (u(x',t)—u(x,t),x‘—x) represents PD bond force between two material points, x and x'. As
shown in Figure 1, the material point, x interacts not only with its neighbouring material points but also other points
within a specific region H_, which is called horizon [44]. The choice of the radius of the horizon, &, depends on the

physical mechanisms that the model can correctly represent [45].

Madenci and Oterkus [31] provided the expression of the PD bond force between material points x and x' of
elastic material shown below:

flu' —ux' —x) = cs(u’—u,x’—x)ﬁ 3)

where y denotes the position of the material point x after deformation, and ¢ denotes the bond constant which
contains the material information and can be expressed in terms of material constants of CCM. S(u'— u,x'—x) rep-
resents the stretch of a bond which can be expressed as:

lyr—yl—Ix/—x]| (4)
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Fig. 1 Peridynamic Horizon.

For a linear elastic brittle material, the relationship between PD bond force and bond stretch are shown in Figure 2.
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Fig. 2 Bond Constant and Critical Stretch for Linear Elastic Brittle Material.

In Figure 2, s, represents the critical stretch in PD theory, which means that if the stretch of a PD bond exceeds

this critical value, the PD bond is broken, i.e. the bond force reduces to zero.
The surface effect (surface correction) was also considered in PD framework. Madenci and Oterkus [31] provided
the procedure on how to take into account surface effects in PD framework.

3. DISPLACEMENT EXTRAPOLATION METHOD

The displacement field around crack tip under Mode I loading condition (Figure 4a) for linear elastic materials can
be written as:
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Fig. 3 Local Coordinate System around Crack Tip.

As shown in Figure 3, u and v are displacements in the local Cartesian coordinate system, r and € are the
coordinates in the local cylindrical coordinate system at crack tip, G and v are shear modulus and Poisson’s ratio
of the material, and K, is the stress intensity factor under Mode I loading condition.

On the other hand, the displacement expressions for a crack tip under Mode II loading conditions (Figure 4b) can
be expressed as:
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Fig. 4 Fracture modes; (a) Mode I — crack opening, (b) Mode II — in-plane shear and (¢) Mode III — out-of-plane
shear.

where K, is the Mode II stress intensity factor. Moreover, the displacement expression for a crack tip under Mode
III loading (Figure 4c) can be expressed as:

Wzm\/;—rsin2 (10)
G T 2

where K, isthe Mode III stress intensity factor. Hence, the actual displacements around the crack tip area for linear
elastic materials under mixed-mode loading can be expressed as:
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For material points located at crack surface (8 =180°), equations (11), (12) and (13) can be rewritten as:
u="2u (1 + k) (15)
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Therefore, the Mode I, Mode IT and Mode III SIF for material points which are located at crack surface can be
calculated through the displacements as

_ G |Av|
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where Av, Au and Aw are the relative displacements of one crack face with respect to the other. For example,
|Av| = |vK —Vy | for points K and M shown in Figure 5(a).




Fig. 5 Crack Tip Displacements: (a) Full Model, (b) Half Model
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As shown in Figure 5(a), in order to find the SIF at crack tip (r =0 ), the only term needs to be considered is —
r

for the full crack model. Note that for symmetric problems with respect to the horizontal plane, it is sufficient to
consider half of the model as shown in Figure 5(b) and the relative displacement can be calculated as Av=2-Av'. It

Av
can be assumed that u is a linear function for the material points at the crack surface
r
|Av| .
F=a +b-r 21

Unknown constants @ and b can be determined with the displacements of the selected material points (point K,
J, M and L in Figure 5). To calculate K, at the crack tip, r — 0, Eq. (21) will yield as
lim'24 = o (22)

r—>0 VT

Therefore, the stress intensity factor K, can be computed as

K, =2m % (23)

1+k

4. IMPLEMENTATION OF DEM IN PD

As described in previous section, it is essential to find the proper material points (including one for the crack tip
location, and the other two for symmetric problems or four for other problems) to compute the stress intensity factor
using DEM. The numerical implementation is done by implementing the peridynamic formulation in finite element
framework as described in Macek and Silling [46]. The static solution is obtained by directly assigning zero to the
inertia term and solving a matrix system. After the displacement field is obtained (as shown in Figure 6) and proper
material points are selected (for example, point 41 and 42 in Figure 7), the Mode I stress intensity factor K, can be

calculated using Equation (23) with the displacements Vv of the selected material points. The flowchart of the process
can be found in Figure 8.

Fig. 6 Displacement Field around Crack Tip Area.



Fig. 7 Example of Points Selection to Calculate SIF
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Fig. 8 Flowchart for Calculation of SIF.

5. NUMERICAL RESULTS

To verify the implementation of DEM in PD framework, several benchmark problems, starting from the simple
central-cracked problem to the more complex slanted-cracked problem, were considered, and the results were com-
pared with both analytical solutions and those computed by ANSYS.
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Fig. 9 Finite Plate with a Central Crack.

5.1 Plate with a central crack

The first problem that was considered was a finite width plate with a crack at the center. As shown in Figure 9, the
width and height of the plate were (2b =) 2m and (2h =) 4m, respectively, and a (2a =) 0.4m long crack was located at
the center of the plate. The elastic modulus was specified as 164.3 GPa, and the Poisson’s ratio is 0.32. A tension load
of 183 MPa was applied on both top and bottom edge of the plate.

For this particular configuration, Rooke and Cartwright [3] provided a theoretical equation on how to compute the
Mode-I SIF for the plate with a central crack, which can be written as:

+0 326

J: 24

For the PD simulation, the plate was discretised by 100x200 material points, and the thickness of the plate was
specified as 0.02m. The normalised SIF calculated from PD was compared with the result computed from equation
(24) and the result calculated from ANSYS, a commercial finite element software, by using the KCALC command.
Table 1 shows results and the comparison between PD, analytical and ANSYS results. According to these results, SIF
calculated from PD theory agree very well with the analytical and ANSYS results. The difference between PD and
analytical results is less than 5% whereas the difference between PD and ANSY'S results is less than 3%.

K,—a\/ﬁ[

Table 1 Summary of SIF Results (Plate with a Central Crack).

Mode I normalised SIF (K, /o+v7a) | Difference

PD 1.0541
Equation (24) 1.0050 4.87%
ANSYS 1.0265 2.69%

5.2 Plate with an edge crack

The second problem which was considered was a plate with an edge crack, as shown in Figure 10. As shown in
Figure 10, the width and height of the plate were (b =) 1m and (2h =) 4m, respectively, and a (a =) 0.2m long crack



was located at the left edge of the plate. The material properties and the tension load are the same as in the first problem.
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Fig. 10 Plate with an Edge Crack.

For this particular configuration, the SIF can be calculated as:

K; = 1.120Vma (25)
The plate was also discretized by 100x200 material points and the PD SIF result was compared with that computed
by equation (25) given by [30] and ANSYS, which can be shown in Table 2. Again, a good agreement is obtained

between PD, analytical and ANSYS results. The difference between PD and analytical results is less than 4% whereas
the difference between PD and ANSYS results is less than 5%.

Table 2 Summary of SIF Results (Plate with an Edge Crack).

Mode I normalized SIF (K, /ov7a) | Difference

PD 1.1637
Equation (25) 1.1200 3.88%
ANSYS 1.1133 4.52%

5.3 Plate with a slanted crack

The third problem which was considered was a plate with a slanted crack at the center. As shown in Fig. 11, £ is

the orientation of the crack surface with respect of x-axis. The width and height of the plate were (b =) 1m and (h =)
2m, respectively, and the central crack has a length of (a =) 0.2m.
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Fig. 11 Plate with a Slanted Crack.

The analytical form of SIF for slanted cracks can be expressed as [5]:

K, = a\/@ (cos?B + asin?B) (26)
and
K, = 0\/% (1 — a)sinfcosp (27)

where o is the ratio between the tensile load applied horizontally and the load applied vertically. In this section, «
was set to 0, which means only tension loading is applied at the top and bottom edges of the plate, and £ was set to
be 60 and 15 degree. The material properties and the tension load are the same as in the previous problem.

Unlike the PD simulation described in the previous two sections, the plate was discretized into 160x320 material
points, and the results of both Mode I and Mode II SIFs were computed from PD and compared with SIFs calculated
by using Equations (26) and (27). The results are given in Table 3:

Table 3 Summary of SIF Results (Plate with a 60° Slanted Crack).

p=60° Mode I normalized SIF (K, / ora ) Difference

PD 0.2702

Equation (26) 0.2506 7.82%
Mode II normalized SIF (K, / oza) | Difference

PD 0.4600

Equation (27) 0.4329 6.26%
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Table 4 Summary of SIF Results (Plate with a 15° Slanted Crack).

p=15° Mode I normalized SIF (K, /o+/za) | Difference

PD 1.0022

Equation (26) 0.9332 7.40%
Mode II normalized SIF (K, /o~/za) | Difference

PD 0.2632

Equation (27) 0.2501 5.26%

As shown in the above tables, a very good agreement is obtained for both Mode I and Mode II SIFs between ana-
lytical and PD results. The difference between PD and analytical results is less than 8% for both Mode-I and Mode-II
SIFs.

6. DISCUSSION AND CONCLUSION

In this study, a coupled Displacement Extrapolation Method and Peridynamic Theory approach is utilized to calcu-
late stress intensity factors. To demonstrate the capability of the proposed approach, three different benchmark prob-
lems were considered including plate with a central crack, plate with an edge crack and plate with a slanted crack.
Stress intensity factors obtained from Peridynamic Theory were compared against analytical and ANSY'S results. For
all three cases, it was observed that the results obtained with the current approach agree well with analytical and
ANSYS results. The maximum difference between PD and analytical results is less than 8% for all cases including
Mode-I and Mode-II SIFs. Finally, it can be concluded that the proposed approach can be used as an alternative ap-
proach to calculate stress intensity factors.
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