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Abstract: A plate under cyclic loading, containing two coplanar surface flaws with both identical
and dissimilar sizes, is considered in the present study. By conducting detailed step-by-step finite
element analyses, the conservatism contained in different combination rules for multiple coplanar
flaws provided by fitness-for-service codes (ASME, BS7910, API579 and GB/T19624) have been
quantitatively assessed for the fatigue failure mode. The findings show that the re-characterization
guideline provided by ASME and BS7910 may cause non-conservative estimations when two crack
sizes are similar, whereas API579 and GB/T19624 lead to excessively pessimistic predictions for
almost all the cases. Based on the fatigue crack growth life, we suggest a new combination rule and
conclude that it always yields a reasonable estimation with necessary conservatism, for various initial
crack depths, material constants and relative sizes of two cracks.

Keywords: crack combination rule; fatigue crack growth; finite element analysis; flaw
characterization

Nomenclature

a crack depth
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ai, ar, a’ the depths of crack 1, crack 2 and the combined crack, respectively
ao initial crack depth

aip, azo initial depths of cracks 1 and 2, respectively

c half length of a crack

cl, ¢, C half lengths of crack 1, crack 2 and the combined crack, respectively
Co initial half length of a crack

C1.0, €20 initial half lengths of cracks 1 and 2, respectively

C material constant in Eqn. (1)

da/dN fatigue crack growth rate

E elastic modulus

H half height of a plate

J energy release rate

K stress intensity factor for mode I loading

Ky normalized stress intensity factor

AK, range of stress intensity factor

m material constant in Eqn. (1)

R stress ratio

s distance between two adjacent flaws

S0 initial minimum distance between two cracks

t thickness of a plate

w half width of a plate
Poisson’s ratio

<

o applied stress

1. Introduction

It is not uncommon to detect multiple flaws in structural components [1,2,3]. As reported by
Nuclear and Industry Safety Agency, about two thirds of the stress corrosion cracks were existing as
multiple flaws in a welded austenitic stainless steel pipe [4]. How to properly assess the structure
containing multiple cracks is of great importance to preventing the potential catastrophic failure. For
two coplanar surface cracks as shown in Figure 1, essentially based on the enhancement of stress
intensity factor (e.g., [5,6]) and some experimental observations (e.g., [7,8]), guidance for the
characterization of multiple flaws as displayed in Table 1, have been provided by the current fitness-
for-service (FFS) procedures [9—-12]. Although their basic concepts (i.e., when the distance between
two adjacent flaws is equal to or less than a specific value, the two flaws will be combined into a
virtual larger flaw) are similar, apparent discrepancy can be seen between various combination rules.
Which of them is more reasonable and whether there are better options remain open questions [13].

In the past four decades, a number of researchers have examined the interacting effect of
adjacent cracks by fatigue crack growth tests. The pioneer experimental work of lida et al. [8] in
1976 established an estimation procedure for fatigue life of a plate with multiple surface flaws.
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Soboyejo et al. [14] investigated the effects of stress ratio and initial crack separation on the
interaction and coalescence of coplanar cracks under cyclic bending. By conducting complicated
fatigue tests on specimens containing irregularly oriented surface cracks, Tu et al. [15] suggested a
criterion for defect re-characterization. Kamaya [16] carried out fatigue crack growth tests for both
coplanar and non-coplanar notches and argued that the growth of interacting surface cracks may be
dependent on the area of crack face. Considerable efforts have also been devoted into finite element
(FE) analyses which are obviously more cost-effective. It should be pointed that most numerical
studies [17-20] only investigated the interacting effect on the crack tip parameters for stationary
cracks, which are not necessarily relevant to the fatigue life of components. The attempts made by
Lin et al. [21] and Kamaya [16] are notable exceptions that have simulated the crack growth
behavior during the coalescence process for limited cases. However, how to rationalize a criterion for
the re-characterization of multiple flaws from a series of numerical simulations remains a

challenging task.
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Figure 1. Finite thickness plate containing two coplanar surface flaws: (a) Geometric
model; (b) Definition for location and shape of two flaws and a combined flaw. The
surface flaws were idealized as semi-elliptical cracks. W, H and ¢ are the half width, half
height and thickness of the plate, respectively; s is the distance between two adjacent
flaws; a;, a; and a’ denote the depths of crack 1, crack 2 and the combined crack,
respectively; ci, ¢ and ¢’ denote the half lengths of crack 1, crack 2 and the combined
crack, respectively.

The purposes of this study is to assess the conservatism contained in different combination rules
given by current FFS codes, and to develop a more rational one, based on the crack growth life of
cracked structures. It should be noted that various failure mechanisms (cleavage, plastic collapse,
fatigue, creep, corrosion, etc.) may significantly influence the flaw interaction criteria. To help
clarify the description and obtain a clear understanding, our attention herein focuses specifically on
the applicability of combination rules over the fatigue failure mode. In Section 2, the numerical
method employed to simulate the fatigue crack growth is introduced, and then is validated by classic
equations for stress intensity factors and by a fatigue test for a cracked plate. In Section 3, fatigue
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growth analysis of two identical cracks is performed. Furthermore, the conservatism contained in
different combination rules provided by fitness-for-service codes and by the present study have been
quantitatively assessed. Then, a numerical analysis for two dissimilar cracks is conducted in
Section 4. Finally, several concluding remarks are drawn in Section 5.

Table 1. Combination rules for coplanar surface flaws in existing FFS codes.

Sources Combination rules
ASME [9] Fatigue or stress corrosion: s = ()
Others: s <max(0.5a;, 0.5a,)
BS7910 [10] Fatigue: s =0

Others: s < min(2c;, 2¢;) for aj/c; or ax/c; > 1
s <max(0.5a;, 0.5a;) for a;/c; <1 and ay/c; < 1
API579-1 [11] s<ci+o

GB/T 19624 [12] s <min(2cy, 2¢3)

2. Materials and Method

As depicted in Figure 1, a plate containing two coplanar surface flaws under cyclic loading was
considered in this study. The surface flaws were idealized as semi-elliptical cracks. To eliminate the
effect of the boundary on the calculation, the width and height of the plate were selected to be much
larger than the crack dimensions. In this study, the number of cycles required for the re-characterized
flaw to penetrate the plate was regarded as the life of the plate. The fatigue crack growth rate
(mm-cycle ) can be described by the well-known Paris equation

da m
E—C(AKI) (1)

where C (mm-cycle' (MPa-mm®>)™) and m are material constants. AK : (MPa-mm®) denotes the

range of stress intensity factor.

To trace the change of crack shape, local crack advance at an arbitrary point of crack front along
the normal direction was computed. Two distinct methods were employed to predict the fatigue
crack growth life the plate containing multiple cracks:

(1) Interaction Method:

A detailed step-by-step FE analysis was conducted to simulate the propagation, interaction and
coalescence of multiple cracks. The interaction in the period of growth up to cracks touching, as well
as the saturation of touching cracks to the achievement of a bounding crack, was taken into account.
The routine of numerical simulations is described as follows:

(a) Create the FE model. A fracture mechanics code, ZENCRACK [22], was adopted to create

the FE model. In order to obtain accurate numerical results, extremely refined meshes are

generated in the crack tip zone.
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(b) Calculate Kj. The values of energy release rate, J-integral, at a set of points that constitute
the crack front was given by a FE code ABAQUS [23] using the domain integral method. For
mode I loading, stress intensity factor, Kj, with plane strain assumption can be obtained by

EJ
1-v

K =

: : @)
where E and v are elastic modulus and Poisson’s ratio, respectively.

(c) Calculate the increment of crack size. The fatigue crack growth at each point along the crack
front in each step can be given by Eqn. (1).

(d) Establish a new crack profile. Based on the crack advancement at each node, the coordinates
of a set of new nodes can be determined. The new crack profile was automatically created by
ZENCRACK until the contact of two cracks. Note that at this moment the analysis would be
suspended by the distorted mesh. A manual intervention was needed to slightly adjust the crack
shape [24]. After that, ZENCRACK would continue to work.

(e) Return to stage (a). The cracks propagate through the stages from (a) to (d) until they
penetrate the plate.

(I1) Non-Interaction Method.:

A similar step-by-step FE analysis was also performed but each crack was assumed to grow
independently before the coalescence. Once a combination rule listed in Table 1 has been satisfied,
adjacent cracks would immediately join together into a larger crack, with a depth of the deeper of the
two pre-existing cracks and a length being equal to the sum of their lengths and minimum distance,
as illustrated in Figure 1(b).

2.0

Newman-Raju Solutions

a/c=0.25
O Present FE Solutions

K/K,
S

00 L L L 1 L 1 L L

0.0 0.2 0.4 0.6 0.8 1.0
2¢/m

Figure 2. Comparison of normalized stress intensity factors at points along surface
cracks in a plate subjected to a tension load between present FE solutions and Raju-
Newman solutions.
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To check the validity of the FE model, stress intensity factors at a set of points that constitute
the crack front calculated by ABAQUS have been compared with the Newman-Raju solutions [25],
as shown in Figure 2, for semi-elliptical cracks (with aspect ratio a/c = 0.25 and depth ratio a/t = 0.2,
0.4, 0.6 and 0.8) in a plate (with thickness # = 15mm, half width W = 6.67¢ and half height H = 6.67¢)
subjected to a tension load (with stress o = 200MPa). A typical FE mesh of a plate with an isolated
crack is depicted in Figure 3(a). Elastic modulus and Poisson’s ratio are given in Table 2. The FE
model contains 6517 eight-node isoparametric elements. Stress intensity factors have been
normalized by K = ozt . One can see that the present FE solutions agree very well with the

Newman-Raju solutions for a/t = 0.2, 0.4 and 0.6, with errors less than 1.2%. For the case with
a/t = 0.8 when 2¢/ 7 > 0.6, stress intensity factors from the Newman-Raju equations are slightly

larger (within 7.0%) than the FE results. Similar difference between FE results and the Newman-
Raju solutions for a/t = 0.8 has also been reported by Lei. It is believed that this discrepancy is due to
the fitting error introduced by Newman-Raju equations.

Table 2. Material constants for a low carbon alloyed steel 16MnR [26].

Elastic modulus  Poisson’s ratio Coefficient in Eqn. (1) Exponent in Eqn. (1)
E/MPa v C/mm-cycle”' (MPa-mm®”)™ m
209000 0.28 7.30 x 10" 3.42

(a)

Figure 3. Typical finite element meshes of plates with: (a) An isolated crack (1/4 model);
(b) Two identical cracks (1/4 model); (c¢) Two dissimilar cracks (1/2 model).

In order to validate the step-by-step numerical method employed, comparison between
predictions and experimental results [26] has also been made for a plate (with half width W = 44.75
mm, half height # = 175 mm, and thickness # = 7 mm) containing a single crack (with initial depth
ao = 3.19 mm and half length ¢y = 3.47 mm) under a cyclic loading (with maximum and minimum
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load, 140 kN and 0 kN, respectively). The initial surface defect was manufactured by electric
discharge machining. The specimen was tested on a closed loop, servo-hydraulic testing system MTS
880. Sinusoidal tension loading at a frequency of 22 Hz was employed. To determine the crack shape
evolution during the propagation, a crack front marking procedure was used at each interval of crack
extension of about 0.5—-1 mm, in which the maximum load was kept constant and the load range was
reduced by one half. After the fatigue test was done, the specimen was opened and then heated to
improve the clarity of the beach marks. The material of the plate is 16MnR, a widely-used low
carbon alloyed steel for pressure vessels. Material constants used in this study are listed in
Table 2 [26]. Due to the symmetry of both geometry and loading, only one quarter of the specimen
has been created. As shown in Figure 3(a), the FE mesh contained a total of 7836 C3D8 elements.
Figure 4 shows the comparison of predicted crack profiles with those on the fracture surface after
test [26]. Clearly, the crack shapes predicted by the current step-by-step FE analysis are extremely
similar to the experimental evidence, even after the plate thickness penetration of crack. A further
comparison can be made on the variation of aspect ratio with depth growth throughout the plate
thickness, as illustrated in Figure 5. The maximum error of aspect ratios, a/c, between prediction and
test data for a given depth ratio, a/t, is only about 1.5%. These encouraging results prove the validity
and predictive capability of the numerical analysis used in this study.

t=7Tmm
2=3.19mm [~ 5
co=3.47mm

Figure 4. Comparison of tested specimen photo [26] with predicted crack profile
evolution for a low carbon alloyed steel 16MnR.
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Figure 5. Variation of aspect ratio with depth growth throughout the plate thickness for a
low carbon alloyed steel 16MnR.
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3. Fatigue Growth Analysis of Two Identical Cracks

We started the investigation on multiple surface cracks with identical sizes. These cases may be
regarded as probably more dangerous since the interaction effect is strong [5]. As shown in Figure 1,
a finite thickness plate (with ¢ = 15 mm, W = 6.67t and H = 6.67¢) subjected to a cyclic load (with
maximum stress o =200 MPa and stress ratio R = 0.1) was considered. The same material constants
as listed in Table 2 were chosen. Two cracks (with a; o/t = 0.20, a;/c1o = azp/c20 = 0.50, a1 o/azo =
1.00 and so/cap = 2.20, where a; and ay are the initial depths of cracks 1 and 2, respectively; ci
and ¢, are the initial half lengths of cracks 1 and 2, respectively; sy is the initial minimum distance
between two cracks; ap = a1 = az,0 and ¢y = 10 = c20 Where ay and ¢y are the initial crack depth and
initial crack half length, respectively, when two cracks are identical to each other.) situated in the
middle of the plate. With symmetry conditions imposed only one quarter of the plate model needed
to be created using 13046 eight-node brick elements, as shown in Figure 3(b). Note that meshes were
rebuilt in each step according to the updated crack profile. Meshes of selected finite element models
(1/2 model) in various steps are shown in Figure 6. Figure 7 provides the shape development of two
identical cracks predicted by the Interaction Method. It can be observed that the individual cracks
propagate almost independently until the minimum distance between them becomes comparable with
the crack depth. Then, crack grows at a higher rate in the neighboring zone than in other regions.
When the coalescence begins, dented portions are formed, leading to a crack profile deviating from a
semi-ellipse. In a short time, the concave points along the crack front disappear and the shape of
newly-combined crack becomes smooth ultimately. The predicted shape evolution can be found to be
in good agreement with many experimental observations (e.g., [16,26]).

~
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Figure 6. Meshes of selected finite element models (1/2 model) in various steps:
(a) Initial step; (b) Intermediate step; (c) Final step.
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a20/t=0.20
aiolazo=1.00 10
So/C20=2.20

Figure 7. Predicted shape evolution of two identical cracks by using the Interaction
Method (for two initial cracks with ay o/t = 0.20, a1 o/c10 = az0/c20 = 0.50, a1 p/azp = 1.00
and So/Cz,() = 220)

The phenomenon seen in the Figure 7 can be explained by investigating the developments of
stress intensity factor at depth point and surface point in the crack growth process, as shown in
Figure 8. Note that stress intensity factors have been normalized by K, = o+ 7t . Locations of A and

B are marked in the imbedded figures on different stages. It can be seen from Figure 8 that the stress
intensity factors at A and B are identical initially, whereas their discrepancy gradually become
significant as the two cracks get closer to each other. The stress intensity factor of the merging point,
A, reaches a maximum value of approximately triple that at the surface point, B, soon after the
contacting moment, and decreases until the crack shape become smooth again. On the final stage, the
stress intensity factor at A rises due to the reduction of ligament area.

2.0
| L |
B SNA A B B B
Before Coalescence During Coalescence
I5F ’

After Coalescence

W
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Figure 8. Variations of normalized stress intensity factor at depth and surface points with
the depth growth throughout the plate thickness (for two initial cracks with a, ¢/t = 0.20,
arp/cro = azolcao = 0.50, ajp/azp = 1.00 and s¢/c20 = 2.20). In the embedded figure, the
period “during coalescence” is the time between the touch of two cracks and the

saturation of the newly combined crack. “After coalescence” means the period from the

saturation moment onward.
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Figure 9 shows the comparison of crack growth curves predicted by the Interaction Method and
the Non-Interaction Methods with different combination rules listed in Table 1, corresponding to the
case of Figure 7. The fatigue cycles, NV, has been normalized by the fatigue life, N, taken for crack to
penetrate the plate, given by the Interaction Method. One can find that the fatigue life predicted by
the Non-Interaction Method with the combination rule, s = 0, in ASME [9] and BS7910 [10] is
overestimated by approximate 15%. This indicates the interaction between two adjacent cracks
cannot be ignored, otherwise the assessment may be unsafe. On the other hand, for the same case the
criterion, s < 2¢, provided by API579 [11] and GB/T19624 [12], leads to an excessively conservative
estimation (only one half of the life given by the Interaction Method). None of the available
combination rules is satisfying, at least in this case. Therefore, partly based on experience gained
from the numerical solutions here and those to be presented later, we propose a new combination
rule.

s <(aj + a))/2 (3)

The result predicted by the proposed combination rule (degraded to s < a for two identical
cracks) is also shown in Figure 9. Clearly, the Non-Interaction Method with proposed combination
rule gives a best estimation of crack growth curve.

1.0
0.8 F
0.6 -
3
04r A
---- ASME, BS7910 (s=0)
02+— | API579, GB/T19624 (s<2¢)
---=-- Proposed (s<a)
Interaction
0.0 L | L 1 1 | 1 T n T n T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
N/N

0

Figure 9. Comparison of crack growth curves predicted by the Interaction Method and
the Non-Interaction Methods with different combination rules (for two initial identical
cracks with az,o/t = 020, a1’0/C1’0 = az,o/Cz,() = 050, al,o/az,() =1.00 and S()/Cz’() = 220)

Numerical analyses were carried out for more cases with various initial crack shapes
(ao/co = aigp/cip = azo/cap = 0.25, 0.50, 0.75 and 1.00) and initial crack depth ratios
(ao/t = a1p/t = azp/t = 0.1, 0.2, 0.3 and 0.4). Note that the two cracks are initially separated at a
relatively long distance (so/c20 = 2.20). If the initial crack depth ratio, ao/t, is large enough, the cracks
will individually penetrate the plate without coalescence. For this reason, the initial crack depth ratio
was selected to be no larger than 0.4 in the present study. The normalized fatigue lives, N/Ny, due to
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different combination rules are shown in Figure 10. As expected, the fatigue life obtained by the
proposed combination rule is closer to the numerical results considering the interaction effect,
whereas estimations given by ASME and BS7910 are essentially not conservative and those
according to API579 and GB/T19624 are of excessive conservatism. It is remarkable that, with the
increase of initial crack depth ratio, both non-conservatism due to s = 0 and over-conservatism from
s < 2c rises, while the proposed combination rule always keeps a reasonable prediction.

2.00
I a,/c,=0.25 0.50 0.75 1.00
1.75 L ASME, BS7910 (s=0) o o A
|| API579, GB/T19624 (s<2¢) m o Vi Y
1.50 L| Proposed (s<a) L ° A o
| | Interaction
3o 1.25 — 5 &
= . 8
1.00 §
e A
T { 4 Y .
075+ ¢
. 8
%
0.50 - % "
0.1 0.2 03 04
alt

0

Figure 10. Variations of the normalized fatigue life with the initial crack depth ratio for
cases with two identical surface cracks (a; o/az = 1.00 and so/c2 = 2.20).

1.6 || o ASME, BS7910 (s=0)
1.4 v API579, GB/T19624 (s<2¢)
’ A Proposed (s<a) .
[ |—— Interaction
1.2+ - oo
o L O
§ 1.0 '
- _ . " AA
0.6}
I v
v
04} vV v
2.5 3.0 3.5 4.0

Figure 11. Effect of material constant, m, on the normalized fatigue life (for two initial
identical cracks with az,o/l‘ =0.40, a1,0/01,0 = Clz,()/Cz,o =1, a1,0/61270 =1.00 and So/Cz,o = 220)
with other material constants fixed.
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A parametric study was also performed for different materials with the exponent in the Paris
equation, m, ranging from 2.5 to 4.0, which is the approximate range for most metals in the
atmospheric environment [27]. As shown in Figure 11, for m = 4, the numerical results from the
Non-Interaction Method with combination rule in ASME and BS7910 can lead to a maximum unsafe
deviation of 40%, while API579 and GB/T19624 may underestimate the fatigue life by approximate
60%. Again, the results given by proposed criterion coincide with those considering interaction, and
the ratio of the former to the latter is in a reasonable range of 80—-100%.

4. Fatigue Growth Analysis of Two Dissimilar Cracks

The same finite thickness plate and loading condition, as described in Section 3, but with two
dissimilar coplanar surface cracks were considered in this section. Due to symmetry one half of the
plate was taken into account in the FE models using 13460 eight-node brick elements, as shown in
Figure 3(c). Material constants of 16MnR listed in Table 2 were used again. Figure 12 illustrates the
shape evolution of two dissimilar cracks (with initial sizes a, o/t = 0.20, a;o/c10 = azo/c20 = 0.50,
aio/azo = 0.60 and sp/c2o = 2.20) predicted by the Interaction Method. Crack propagation behavior
similar to that shown in Figure 7 can be observed. What differs from the former is that the individual
dissimilar cracks grow more independently as isolated flaws. It can be seen from Figure 7 that the
spacing between the initial and touching crack shapes on the interacting side is significantly larger
than that on the non-interacting side due to the interaction of two cracks. For the larger crack in
Figure 12, by way of contrast, the intervals between crack profiles are almost the same on both
interacting and non-interacting sides. That means the propagation of the larger crack seems less
affected by the smaller crack. Obviously, the larger crack advance much more rapidly since the stress
intensity factors at the crack front are always greater than those for smaller crack during the growth
process. Similar shape development of two cracks with different sizes can be found in Ref. [14,28].

t=15mm

a20/t=0.20
@10/C10=820/€20=0.50|_ 10
a10/@20=0.60
S0/C20=2.20

Figure 12. Predicted shape evolution of two dissimilar cracks by using the Interaction
Method (for two initial cracks with az,()/l‘ =0.20, a1’0/C1’0 = az,o/Cz,() =0.50, al,o/az,() =0.60
and S()/Cz,() = 220)

Figure 13 displays the comparison of crack growth curves, corresponding to the case of
Figure 12, predicted by the Interaction Method and the Non-Interaction Methods with different
combination rules. It demonstrates that, for this case, all combination rules lead to conservative
estimations when compared with the results by the Interaction Method. Nonetheless, API579’s
criterion (s < ¢; + ¢;) underestimates the fatigue life by approximate 30%.
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Figure 13. Comparison of crack growth curves predicted by the Interaction Method and
the Non-Interaction Methods with different combination rules (for two initial dissimilar
cracks with az,o/t = 020, a1’0/C1’0 = 02,0/02,0 = 050, al,o/az,() =(0.60 and S()/Cz’() = 220)
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Figure 14. Variations of the normalized fatigue life with the initial crack size ratio for
cases with two dissimilar surface cracks (axo/t = 0.20, a1 o/c1po = azo/c2p = 0.50 and
S()/Cz,() = 220)

More cases with various crack sizes ratios (aio/azo = 0.40, 0.60, 0.80 and 1.00) were also
considered in the study. As can be seen in Figure 14, when the sizes of two cracks are considerably
dissimilar (a; ¢/a2 < 0.60), the combination rule suggested by ASME and BS7910 (s = 0) will give
estimations very close to the numerical results that considers crack interaction. This is because for
these cases the two cracks can be regarded as independent to some extent during the propagation
process up to cracks touching, as demonstrated in Figure 12. However, when the crack sizes are
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somewhat similar (a; /a0 > 0.80), the effect of interaction between two adjacent cracks cannot be
neglected, as illustrated in Section 3. In this circumstance, ASME and BS7910 will overestimate the
fatigue life. By contrast, API 579 (s < ¢; + ¢;) always underestimate the results by at least 25%.
Interestingly, conservatism of GB/T 19624 (s<min(2c;, 2¢;) or s = 2¢;) is highly dependent on the
crack size ratio. The noteworthy result is that, the proposed combination rule (s < (a; + a,)/2) always
yields a reasonable estimation with necessary conservatism, no matter whether the crack sizes are
similar or not.

5. Conclusions

The combination rules for multiple coplanar fatigue cracks provided by different existing FFS
codes (ASME, BS7910, API579 and GB/T19624) have been examined by detailed step-by-step FE
analyses. In addition, a new combination rule (s < (a; + a2)/2) based on the crack growth life of
structure has been proposed. Conclusions can be drawn as follows:

(1) The amount of conservatism contained in the combination rules given by existing FFS procedures
is dependent on the initial crack depth ratio, a¢/t, and initial crack size ratio, a; ¢/az .

(2) Predictions using the re-characterization guideline (s = 0) provided by ASME and BS7910 can be
non-conservative when initial sizes of two cracks are similar.

(3) Combination rules suggested by API5S79 (s < ¢; + ¢;) and GB/T19624 (s < 2¢;) lead to
excessively pessimistic predictions of crack growth for almost all the cases considered in the present
study.

(4) The proposed combination rule (s < (a; + a»)/2) always yields a reasonable estimation with
necessary conservatism, for various initial crack depths, material constants and relative sizes of two
cracks.

Be aware of that the findings of this research may be only valid for fatigue failure mode. It
would be interesting to undertake further studies for other failure mechanisms such as creep and
corrosion, based on the same concept and similar numerical method.
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