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ABSTRACT : Non-destructive tests have found, in many cases, non-aligned parallel cracks in various in-
service mechanical components. In such situations, any on-site evaluation requires an assessment of whether
the cracks can be assumed coalesced or separate multiple cracks, for the application of Fitness-for-Service
criteria. How to apply the criteria to non-aligned cracks is different depending on the source used. These
standards are normally not determined in a rigorous and systematic way, and so can result in different
outcomes. This observation is the reason for this study, namely, to investigate the stress intensity factor (SIF) of
an edge crack in a 2-D finite sheet under pure bending, in the presence of a nearby parallel crack. The various
crack alignment criteria found in the literature will be used to compare the results of the multiple aligned crack
simulation for the purpose of recommending the conservativeness or non-conservativeness of the criteria as
applied to the Fitness-for-Service situation. A 2-D linear elastic fracture mechanics (LEFM) analysis is
undertaken of to characterize the interplay characteristic of the internal crack on the SIFs of the edge crack.
The SIFs are evaluated as a function of the vertical and horizontal separation distances between the cracks, S
and H, respectively; and as a function of the crack lengths of the edge crack and the internal crack given by az
and a1, as well. The parallel cracks are assumed to be located in the region where the bending stresses are
positive only. The SIFs have been obtained for dimensionless horizontal distances of S/az =0.4 to 2.0, and
dimensionless vertical distances of Hlaz = -0.5 to 2.0. The investigation shows that certain crack alignment
criteria are conservative compared to others, while certain crack alignment criteria provide inadequate
information to be useful.
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I. INTRODUCTION

When evaluating the diminished load bearing capacity of plant components, their failure is found to
heavily depend on the simultaneous effect of multiple cracks on each other, the interplay characteristic,
particularly when stress corrosion cracking (SCC) and fatigue are involved [1,2]. Fitness-for-Service (FFS)
criteria employ an evaluation technique of multiple crack situations in order to determine the structural capacity
of the cracked parts using fracture mechanics methodologies. If there are multiple cracks, they must be
classified as to whether they exist on the same cross-sectional plane (aligned cracks) or not (unaligned cracks)
using one of the crack alignment criteria. Various multi-crack alignment criteria have been proposed for on-the-
job assessments. The criteria have been proposed in the American Society of Mechanical Engineers Boiler and
Pressure Vessel Code Section XI (ASME Section XI) [3], Guide to methods for assessing the acceptability of
cracks in metallic structures [4], European Fitness-for-Service Network (FITNET) [5], American Petroleum
Institute (API) 579-1/ASME FFS-1 [6], and in Rules on Fitness-for-Service for Nuclear Power Plant
Components in the Japan Society of Mechanical Engineers (JSME, S NA1-2008) [7]. These criteria are
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different from one another and some of them may provide more conservative results than others while some lead
to non-conservative evaluations.

In the recent past, investigations have delved into the topic of multiple unaligned cracks in cases where
two unaligned parallel internal cracks were contained within an infinitely large steel sheet. Kamaya [8] looked
into the growth of multiple interactive surface cracks via a combined use of numerical and experimental
techniques. Hasegawa and his group [9] evaluated the interplay of two parallel internal unaligned cracks in the
FFS case using linear elastic fracture mechanics (LEFM). In current investigations, Hasegawa and his group
[10-12], Miyazaki and his group [13], and Suga and his group [14] evaluated the plastic failure behavior for
unaligned cracks.

In the previous studies none evaluated the interplay characteristic between two cracks, where one of the
cracks is an edge crack. Also, the preceding investigations, to include the work of Ma and his colleagues [15],
addressing the interplay characteristic between an edge crack and an internal crack, evaluated cases under
uniaxial tension load conditions only. However, there are situations where a crack under bending is
commonplace. Investigations for a single edge crack loaded in pure bending were addressed by Tada [16]. The
cases addressed by Tada only cover a sheet with an edge crack and those cases do not address the topic of
Fitness-for-Service at all.

Due to the limited scope of the previously mentioned investigations, the purpose of this article is to
evaluate the interplay characteristic of an internal crack on the fracture behavior of an edge crack in a very long
half sheet of height 2h, and width b, under the loading regimen of pure bending. The stress intensity factor
(SIF) at the tip of the edge crack is evaluated for various edge crack and internal crack lengths given by a2 and
al, respectively, and for a variety of dimensionless vertical and horizonal separation distances, H/a2 = 0.4 to 2.0
and S/a2 =-0.5 to 2.0 respectively (see Fig. 1)..

II. MATERIALS AND METHODS

1.1 Problem Statement

The sheet arrangement is provided in Fig. 1. Within the sheet is an edge crack and an internal crack and
the sheet is subjected to an in-plane pure bending moment as indicated. The sheet’s material is that of steel with
Young’s modulus E=200 GPa, with Poisson ratio V=0.3, and having a yield stress d,=304 MPa. A linear load
distribution is applied as shown in Fig. 1 on the top and bottom surfaces, equivalent to the applied bending
moment, M. The largest bending stress & is taken to be 2kPa. The cracks are always kept horizontal and
parallel in relation to one another. The sheet has a width, b, and a semi-height, &, an edge crack of length az,
and an internal crack of length 2a;. The gap in the horizontal direction is given by § parallel to the crack plane,
and the vertical gap between the cracks is given by H at right angles to the crack surfaces.

o h\r\r\r\‘ N
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Figure. 1 A flat sheet with one edge crack and one parallel internal crack under pure in-plane
bending. The separation distances S and H are defined and the location where the SIFs are calculated is
identified as point A.

In all cases investigated, the sheet is assumed to be infinite so that the resulting bending moment varies
in value depending on how the actual width dimension b is chosen. To eliminate size effects, the sheet’s height
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and width are chosen to be fifty times greater than to combined value obtained by adding the two crack sizes
and the spacing between the cracks, namely h=b=50*(a;+S+az). Assuming the sheet thickness is 1, the bending
stress 0, is related to the applied moment M by:

2
M= ﬂﬁi
6 (H

With the sheet thickness, ¢, is taken to be 1 to simplify the calculations. A typical calculation would
look like this: If a2=15mm, $S=0 and 2a;=10mm, then b=50*(15+0+10) =1250mm =1.25m. This would
produce an M=520.83 Nm. In the case where one crack is shorter, e.g., @2=15mm, $=0, 2a; = Smm, then b
=50*(15+0+5) =1000mm =1m. This would produce a moment, M=333.33 Nm, a smaller moment that would
produce the same bending stress ¢;. The linear loading is applied so that the greatest bending stress, o, is
unchanged for all the finite element simulations undertaken. Further, the normalizing SIF used in our results,
which depends on o, and a2, will be constant. Its definition and usage are explained in the Results and
Discussion section.

1.2 The Finite Element Model and its Validation

The SIFs at the edge crack tip A (see Fig. 1) are evaluated using the standard finite element (FE) code
ANSYS APDL [17]. Most of the sheet is meshed using 2-D six-noded triangular elements. The elements are
varied in size, small near the crack tip region and progressively increasing in size when farther away (see Fig.
2a). The region in the vicinity of crack tip a is meshed with singular elements (see Fig. 2b). The six-noded
triangular element was employed as its quadratic displacement characteristic is applicable to model irregular
meshes, specifically in the vicinity of the edge and internal crack in the infinite sheet.

o N i o

Figure 2. The Finite Element Model: (a) a typical global mesh; (b) a typical mesh at the vicinity of the
cracks

In the validation process of the finite element model, the Mode I SIF at tip A is used as a convergence
criterion [15]. It was found that for meshes of more than 20000 degrees of freedom (DOF) the error is usually
less than 3%. Therefore, in the present analyses typical meshes of 10000 elements with approximately 60000
DOFs are employed. The code option of automatic elements shape and aspect ratio adjustment was applied. To
demonstrate the interplay characteristics between the two cracks, a typical von-Mises stress contour plot for the
entire sheet is presented in Fig. 3a and a close-up of the crack-tip region is provided in Fig. 3b.
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Figure 3. (a) A typical contour plot of von Mises stress of the sheet under pure bending, and
(b) the von Mises stress at the vicinity of the cracks.

These two plots show the distinct interplay characteristic between the two cracks as well as the stress
singularities at the tips of the two nonaligned cracks.

III. RESULTS AND DISCUSSION

3.1 Evaluation of the SIFs and their Normalization

The presence of the internal crack near to the edge crack results in a non-symmetric configuration. As a
result, both cracks are loaded in Mixed Mode, and both K14 and Kna exist at tip A of the edge crack. This Mixed
Mode configuration produces a Mode II SIF which is no longer negligible when compared to the Mode I SIF.
The ANSYS KCALC subroutine is used to obtain both Mode I and Mode II SIFs at tip A resulting from the
remote bending moment (see [17] pp. 19-44 and onward). Normalization of the SIFs is accomplished via the
factor Ko, namely:

K, =112 oy /Ta, @)

which is the SIF solution for a 2-D edge crack in an infinitely infinite sheet (Tada [16]) under a uniform tensile
load of magnitude ;. This normalizing factor facilitates the comparison with the authors’ previous investigation
[15], and possibly with future results. In the present analysis, since 0, and a2 are kept constant, then Ky is a
constant; and, thus, the shapes of the normalized SIF graphs are representative of the actual SIF graphs and are
not altered, only magnitudes are reduced.

3.2 Crack Spacing Effects on SIFs for Similar Size Cracks
The normalized Mode I SIF at tip A of the edge crack, due to the bending moment, Kia/ Ky, is given as
a function of the dimensionless horizontal separation distance, S/az, for various values of the dimensionless
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vertical separation distance, H/az. It is presented in Fig. 4 for the case of two cracks of similar size where
az=15mm, 2a;=30mm and thus, a/a;=1. The results in Fig. 4 point to the following conclusions:

a.

The trends in Fig. 4 are found similar to those seen in cases evaluated for an infinite sheet under uniaxial
tension for the same set of parameters [9, 15]. The normalized Mode I SIFs is found to be dependent on the
dimensionless separation distances S/az and H/az, as well as on the relative crack size, ai/az.

The dimensionless Mode I SIFs of the edge crack, Kia/ Ko, increase when the cracks overlap (S/az < 0),
reaching a maximum, and then decrease as S/a2 tends to 2.0. The magnitudes of the maxima depend on how
close the cracks are vertically separated i.e., the smaller H/a: the higher the peak of Kia/ Ko.

The location of the maxima of the SIF depends on the vertical separation distance. As H/az increases, the
maximum of Kia/ Ko occurs at larger values of S/az. For example, while for H/az = 0.4 the maximum occurs
at S/a2= 0, for H/az2 =2.0 it occurs at S/a; ~1.4. Furthermore, for H/a2> 0.8 the maxima always occur when
S/az> 0.

The rate of increase and decrease in Kia/ Ko with the horizontal separation distance, S/az, is highly
dependent on the vertical separation distance, H/a2. The smaller H/a:z, the higher the rate of change of Kia/
Ko. For example, in the case of H/az=0.4, the peak value of Kia/ Ko is 29% larger than the value at S/az = -
0.5. However, the maximum for the case of H/az =2.0, is only 8% higher than the value at S/az = -0.5.

The significance of S/a2 > 0 is that the cracks no longer overlap and continue to move farther away from
each other, indicating at some point that the two cracks no longer show any interplay as the interplay
characteristic has faded, i.e., they no longer “feel” each other’s presence. In this case, the cracks can be
treated as separate cracks in Fitness-for-Service considerations.

KIA/KO
2 -
fo) H/a2=0.4
A H/a2=0.8
o H/a2=1.2
1.75 1 x H/az=2.0
L5
1.25 1
1 .
0- 75 T T T T 1
-0.5 0 0.5 1 1.5 2
S/az

Figure 4. Normalized SIFs vs. S/az as a function of H/a: for the edge crack-internal crack combination
(az = 15 mm; 2a; = 30 mm).

Due to the non-symmetry of the problem, Mixed Mode conditions prevail at the tip of the edge crack.

Figure 5 shows the relative importance of the Mode II SIF versus the Mode I SIF as the dimensionless
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separation distance is varied both horizontally and vertically for the same case of @2=15mm, 2a;=30mm and

ai/a=1.

KIIA/KIA

0.5 1
o Ha 2=0.4
A Hru 2=0.8
o Ha 2=I 2

0.4 x Hsa 2=2.0

Figure 5. Mixed mode Kna/ Kia vs. S/az as a function of H/a: for the edge crack-internal crack
combination (az = 15 mm; 2a; = 30 mm).

The following conclusions can be drawn from the results shown in Fig. 5:

Under certain geometrical configurations, the internal crack may induce a considerable mode II SIF at
the tip of the edge crack.

An example of (a) is if the critical value of Kna/ Kia is chosen to be 10%, then the Mixed Mode
condition becomes important to the crack interplay characteristic. In such a situation, the Mode II SIF
becomes significant for all the cases presented, i.e., when the two cracks overlap, and S/az < 0. The
higher the overlap between the two cracks, the higher the relative magnitude of Kua/ Kia and the
greater becomes the importance of Mode II.

The largest Mode II SIF in this case is Kua/ Kia = 0.40 for S/az=-0.4, and H/az= 0.4.

To quantify the importance of a Mixed Mode evaluation in Fitness-for-Service analysis, a further
theoretical/experimental study is necessary to provide the following data:

1) How large is the energy release rate due to mode II (Gn), relatively to mode I (Gr)?

2) What is the fracture toughness under mixed-mode conditions?

3) What is the minimum value of Kia/ Kia above which a Mixed Mode analysis is significant?

It is worthwhile noting that, to date to the best of the authors’ knowledge, a Mixed Mode analysis of

two interacting parallel cracks in the context of Fitness-for-Service analysis has not appeared in print.

3.3 Crack Spacing Effects on SIFs for Dissimilar- Size Cracks

In this section the effect of shorter internal cracks on the SIF at the tip of the edge crack is evaluated for

two values of internal crack length: 2a;=10mm and 2a;=5 mm. In the first case, while the edge crack length is
kept the same as in the previous section, a,=15mm, the internal crack is taken to be one-third the size,
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2a;=10mm, and thus, ar/a:;=1/3. The results for this case for the same separation ranges as in Fig. 4, are
presented in Fig. 6.

KIA/KO
1.5
o H/a2:0.2
A H/a2:0.4
o H/a,~0.8
x H/a2=1.2
1.25 -
7
0.75 T T T T !
-0.5 0 0.5 1 1.5 2
S/az

Figure 6. Normalized SIFs vs. S/a: as a function of H/a: for the edge crack-internal crack combination
(az = 15 mm; 2a; = 10 mm).

The data in this case lead to the following conclusions:

a. Generally speaking, the pattern of the mode I SIF distributions in Fig. 6 is similar to that of Fig. 4,
however the magnitudes are reduced. In the present case Kia/ Ko =1.4 for the vertically closest case,
H/az =0.4, while in the previous case it was Kia/ Ko =1.7 this is a reduction of about 18%. All the
maxima are similarly reduced for all the values of H/a,.

b. Shortening the internal cracks contracts the interaction range in terms of the horizontal separation

distance. In the present case the interaction range is 0.5 > S/a2> -0.1 whereas in Fig. 4 it is 1.0 > S/a>>
-0.4.

The impact of shortening the internal crack on the Mode II SIF for this case is demonstrated in Fig. 7.
In this case a2 = 15 mm; 2as = 10 mm and ai/a>=1/3. As in Fig. 6, the H/a> =0.2 graph is represented by the
open circle icons, the H/az = 0.4 graph is represented by the open triangle icons, the H/az = 0.8 graph is given
by the open diamond icons, and the H/a2 = 1.2 graph is given by the cross icons.
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Figure 7. Mixed mode ratio Kua/ Kia vs. S/az as a function of H/a: for the edge crack-internal crack
combination (az = 15 mm; 2a; = 10 mm).

It is to be noted that the vertical separation distances treated in Fig. 7 are H/a> =0.2, 0.4, 0.8, and 1.2

while in Fig 5 H/az= 0.4, 0.8, 1.2 and 2.0. Also, the horizontal distances treated in Fig. 7 are S/az=-0.2, -0.1,
0.0, 0.4, 0.8, 1.2, and 1.6 while in Fig. 5 S/a2=-0.4, -0.2, 0.0, 0.4, 0.8, 1.2, 1.6 and 2.0. These changes are a
result of the diminished interaction range between the cracks in which the interplay characteristic has an effect.

The effect of a shorter internal crack manifests itself in the following manner:

a.

b.

In both cases, of Fig. 5 and Fig. 7, the presence of the internal crack results in a significant Mode II
SIF, as long as the cracks overlap S/az < 0.

The Higher the overlap between the two cracks the higher the relative magnitude of Kua/ Kia, and the
greater becomes the importance of Mode II.

For identical vertical separation distances, a shorter internal crack results in a smaller Kna/ Kia. For
example, at S/az= -0.2, in the case of the shorter internal crack, Kna/ Kia is reduced by 25%, 64% and
80% for vertical separation distances of H/a:=0.4, 0.8, and 1.2, respectively. Namely, the effect of the
small internal crack on the edge crack is weaker, in this case, fading more rapidly as the vertical
separation distance increases.

The largest Mode II SIF in this case is Kua/ Kia= 0.37 for S/a2 = -0.2, and H/a2= 0.2

From the results in Fig. 5 and Fig. 7 it is evident that Mode I is still the dominant mode as the maximus
Kia/ Kia is at most 0.4 in the cases studied.
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Figure 8. Normalized SIFs vs. S/a: as a function of H/a: for the edge crack-internal crack combination
(az = 15 mm; 2a; = 5 mm).

In a second case of a very short internal crack, the length of the edge crack is still maintained as
ax=15mm. However, the very short internal crack is taken to be 2a;=5mm, with a relative crack size of
ai/ax=1/6. The normalized Mode I SIFs, K14/ Ko, for this case are presented in Fig. 8.

According to the results in Fig. 8, the following can be determined:

a. Comparing Figs. 4, 6, and 8, the shorter the internal crack, the weaker its effect on the SIF at tip A of
the edge crack. Thus, the relative crack size ai/a: is quite influential vis-a-vis the Mode I SIFs.

b. It appears that the two cracks must be very close vertically or very close horizontally for the two cracks
to be considered as one, e.g., when H/az = 0.066 or when S/az = 0. These conclusions are consistent
with the results reported in [15] for similar cases under uniaxial tension.

3.4 The Influence of Crack Alignment Rules

Although the geometrical configurations in all the cases presented herein are non-symmetric, the Mode
I SIF is still dominant. Thus, the effect of different alignment criteria will be discussed under Mode I conditions
to avoid added complexity.

The normalized Mode I SIFs of Fig. 4 are graphed in Fig. 9, overlaid by two curves representing two
different Fitness-for-Service rules [4, 5]. The thick dark curve is the outcome of the British Standards crack
alignment criteria [4] (labeled BritS), while the thick dotted-dashed curve is representative of the crack
alignment criteria defined by FITNET [5] (labeled FFS).
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Figure 9. Normalized SIFs vs. S/a: as a function of H/a: for the edge crack-internal crack combination
(az = 15 mm; 2a; = 30 mm) with FITNET standard (FFS) and British standards (BritS).

The BritS criterion is given by:
5, =a,+a, 3)

where S1 is the shortest distance between tip A of the edge crack and the internal crack tip closest to the
edge crack tip.

The FITNET criterion is defined by
H < min(2a,,a,) @

The British Standard (BritS) seems to account implicitly for the effect of both the normalized vertical
and horizontal separation distances, H/az, and S/az, as well as the crack size ratio, ai/az. The thin dashed curve is
an outcome of that inequality and is derived from Eq. (3):

¥ a z z
2 <NGt) -()

(&)
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Hence, for a fixed ai/az, as S/az varies, each point on the thick dashed curve represents a different value
of vertical separation distance, H/az. Therefore, the criterion involves all the dimensionless parameters S/az,
H/a; and ai/a:.

In the case of the FITNET criterion the situation is different, as it does not involve the dimensionless
horizontal separation, S/az, which is an important parameter that influences the SIF values. In fact, for the case
presented in Fig. 9, the min (2ai, az2) is az =15mm; hence, H/a> = 1. Thus, the thick dotted-dashed curve was
determined under a relative separation distance H/az = 1, with a;=15mm, for various S/az values using ANSYS
in the same manner used to obtain the results for other cases.

The two criteria provide different outcomes in the determination of alignment vs. non-alignment for
two parallel nonaligned cracks under bending. For certain crack separations, one criterion may suggest that the
two cracks on parallel planes can be considered as coalesced, while the other criterion will suggest that the
cracks should be treated as separate cracks, e.g., when S/a2= 0 and H/az = 1.5. The critical values from the BritS
and the FITNET criteria, as demonstrated in Fig. 9, unequivocally indicate that the FITNET provides a much
higher hurdle for the cracks to be considered as coalesced [4, 5], especially when S/a2 < 1. Thus, the FITNET is
a much more conservative rule. At the same time for the same range of S/az, the BritS provides lower critical
values of the SIFs. It may thus, provide non-conservative results in Fitness-for-Service applications.

3.5 Crack Alignment Rules with Mixed Mode Effect Included

As mentioned previously, Mixed Mode effects cannot be neglected in many of the cases investigated.
Therefore, a suggested methodology to integrate Mixed Mode situations into the Fitness-for-Service criterion
would be to replace the use of the SIF in Fitness-for-Service calculations with the total energy release rate [16],
namely:

G =G+ G (6)
where, by substitution, one obtains:

G= K/’/E’+ Ki/E’ (7
and where E’=E for plane stress, and E’= E/(1-v?) for plane strain.

Defining an effective SIF to be used in the Fitness-for-Service criterion,

G=Kif'/E’ 8)
leads to the following definition of Kje:

KIesz/E’=K12/E’+K112/E’=(K12/E’)*( 1 +[K11/K1]2), 9)
or

Kie=Kr*(1+[Ki/K1*)'" (10)

Figure 10 investigates how Mixed Mode effects can be included in evaluating Fitness-for-Service
criteria by employing Kies in the case a2 = 15 mm; 2a; = 30 mm. The graph format used in Fig. 9 is applied
here but the plots are those of Kie/Ko versus S/az for the same H/az values. Again, Kieris evaluated at point A
in Fig. 1.

By comparison to Fig. 9, the FFS and the BritS plots of Fig. 10 have moved upward vis-a-vis the H/a:
curves. By comparing the H/az =2 curves of Figs. 9 and 10, we note that in Fig. 9 the curve was above the BritS
curve, meaning the cracks are considered coalesced. Now, in Fig. 10, it is slightly below the BritS curve,
meaning that the cracks are considered separate. This H/a2=2 curve is always below the FFS indicating that the
cracks would be considered separate vis-a-vis that criterion.

By studying the the H/az =1.2 curve in Fig. 9, it is noted that part is below, and part is above the FFS
curve indicating that for S/az < 0.4, the cracks are considered coalesced; beyond S/a2=0.4 they are considered
separated. In Fig. 10, it is noted that the H/a2 =1.2 curve is below the FFS curve indicating that the cracks are
considered separated. For this case, the BritS curve is below the H/a: =1.2 curve; thus, the cracks are
considered coalesced vis-a-vis this criterion. Both the H/az = 1.2 and 2 curves show how the introduction of
Mixed Mode effects can have profound implications on the application of the Fitness-for-Service criteria.
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Figure 10. Normalized Mixed Mode effective SIFs vs. S/a: as a function of H/a: for the edge crack-

internal crack combination (a2 = 15 mm; 2a; = 30 mm) with FITNET standard (FFS) and British standards

(BritS).

IV.  CONCLUSIONS

In this investigation, Mode I and Mode II SIFs at the tip of an edge crack under remote bending were

determined when influenced by an internal crack lying on a parallel plane. The SIFs were found to be a function
of the normalized vertical and horizontal separation distances as well as the relative crack sizes of the two

cracks.

Below is a summary of the findings:

1.

2.

9]

Due to the existence of an internal crack, the symmetry conditions of an edge-crack under pure bending
is altered, resulting in mixed-mode conditions.

The relative resulting Mode II SIF, Kia/ Kia, may become considerable when the two cracks are
overlapping. The greater the overlap, the larger Kna/ Kia.

Kia, Kna as well as Kna/ Kia at the tip of the edge crack are found to be functions of the three
dimensionless parameters: S/az, H/az, and ai/a:.

For any given vertical separation distance, the interplay characteristic of the cracks is limited to act
within a certain range of the horizontal separation distance. This limited region is found to increase as
the absolute crack size of the internal crack increases. It is believed that if the internal crack is fixed
and the edge crack increases, the same behavior will be identified.

As the two cracks are separated further, whether in the vertical or in the horizontal direction,

the interplay characteristic fades, and the edge crack is practically under Mode I conditions.
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The minimally addressed issue of Mixed Mode in the present analysis deserve further attention in
Fitness-for-Service considerations.

The existing alignment rules, used to assess the “Fitness-for Service” of a component, do not agree and
can lead to distinctly different conclusions, that may result in dangerous situations. More work needs to
be done to bring these codes under one acceptable set of rules.

Mode II effects cannot be neglected in many of the cases investigated and can have serious
implications on crack separation determination, as seen from the Fig. 9 and 10 comparisons.
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Appendix -- Nomenclature

ap - half internal crack length

az - edge crack length

t - sheet thickness is taken as 1

b - sheet width

h - sheet height

H - vertical crack separation distance

S - horizontal crack separation distance

Si - distance between edge crack tip and internal crack’s closest crack tip
E - Young’s modulus

E’ - The value of E for plane stress or plane strain

G - total energy release ratee

Gy - Mode I energy release rate

Gir - Mode II energy release rate

Ki - Mode I SIF

K - Mode II SIF

Kia - Mode I SIF at tip A of the edge crack (see Fig. 1)
K - Mode II SIF at tip A of the edge crack (see Fig. 1)
Kiey - the effective SIF (see Eq.

Ko - Normalizing SIF

M - Applied pure moment

Greek Symbols

v - Poisson’s ratio

(o - Bending stress

g, - yield stress
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