Corr.lpute_r Modell.ng N < Tech Science Press
Engineering & Sciences )

D0i:10.32604/cmes.2025.072256

ARTICLE Check for

updates

Stress Intensity Factor, Plastic Limit Pressure and Service Life Assessment of a
Transportation-Damaged Pipe with a High-Aspect-Ratio Axial Surface Crack

Bozo Damjanovi¢', Pejo Konjati¢ and Marko Katini¢

Mechanical Engineering Faculty in Slavonski Brod, University of Slavonski Brod, Slavonski Brod, 35000, Croatia
*Corresponding Author: Bozo Damjanovi¢. Email: bdamjanovic@unisb.hr

Received: 22 August 2025; Accepted: 14 October 2025; Published: 26 November 2025

ABSTRACT: Ensuring the structural integrity of piping systems is crucial in industrial operations to prevent
catastrophic failures and minimize shutdown time. This study investigates a transportation-damaged pipe exposed to
high-temperature conditions and cyclic loading, representing a realistic challenge in plant operation. The objective was
to evaluate the service life and integrity assessment parameters of the damaged pipe, subjected to 22,000 operational
cycles under two daily charge and discharge conditions. The flaw size in the damaged pipe was determined based on a
failure assessment procedure, ensuring a conservative and reliable input. The damage was characterized as a long axial
surface crack with a depth of a = 2 mm and half-length ¢ = 50 mm (c¢/a = 25), a geometry not well covered by existing
Stress Intensity Factor solutions. To address this limitation, a modified magnification factor (M*) was introduced
and tested for the present damage case (c/a = 25) and for additional crack geometries (¢/a = 28-70), which showed
improved agreement with Finite Element Analysis (FEA) than Newman’s original formulation. Stress Intensity Factor
and Plastic Limit Pressure, essential parameters for structural integrity assessment, were computed numerically using
FEA and validated against analytical predictions. Fatigue crack growth was evaluated using the Paris law with crack
propagation simulated numerically by Ansys’s S.M.A.R.T. The Failure Assessment Diagram (FAD) was used to assess
service life, incorporating constant working pressure and fracture toughness while considering evolving crack size
during propagation. Results showed that analytical predictions with the modified magnification factor matched FEA
within 5%, while the original Newman formulation overestimated results. The analytical service life solution predicted
approximately 8500 fewer cycles than the numerical, remaining conservative but efficient. These findings are based on
the present case of a long axial surface crack with high aspect ratios (c/a = 25-70, depending on crack depth), and
while the modified magnification factor may also improve predictions for other geometries, this requires structured
validation in future studies.

KEYWORDS: Stress intensity factor; plastic limit pressure; structural integrity; fatigue crack growth; failure assessment
diagram (FAD)

1 Introduction

Prefabrication as a construction technique brings many benefits and is increasingly applied in plant
design and construction. Despite the advantages, this technique requires advanced transportation logistics,
skilled labor, and effective project management. Prefabricated piping spools must be delivered to the
construction site with caution [1]. After the delivery, spools should be examined to check whether damage
occurred during transport. The flaws can contribute to the failure of a single component and a single
component can contribute to the shutdown of the entire plant. Since most failures in plants are caused by
fatigue, it is important to approach this problem with special attention. In the presence of an undetected
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flaw, a piping system can fail even when stress is below allowable limits while it is subjected to cyclic
loading. With the modern fracture mechanics principles, it is possible to predict the behavior of flaws
even shorter than one millimeter. In such scenarios, pipe integrity assessment must be carried out with a
detailed stress and strain analysis. Recent reviews have highlighted the wide range of failure mechanisms
and integrity assessment strategies for pipelines, including defect evaluation and fatigue life prediction
methods [2]. Paris and Erdogan are among the first researchers who investigated fatigue crack growth in
the early 1960s which sets the foundations for modern fatigue crack growth analysis [3]. There are many
experimental studies that investigate fatigue crack growth in various steel materials [4-7]. Leak Before Break
(LBB) is a recently popular practice of piping design based on fracture mechanics principles that ensures
that the component will not cause catastrophic failure [8,9]. While piping components are more frequently
investigated, there are few studies available on plate specimens with part-through cracks [10-12]. Singh et al.
investigated circumferential crack growth in carbon steel pipes with a part-through crack of large aspect
ratio 20-50 [13]. Earlier investigations of the influence of crack aspect ratio on fatigue crack growth were
conducted by Engle [14] and Wu [15], but crack aspect ratios were moderate compared to those in the
present study. Cruse and Besuner [16] have introduced an effective crack driving force parameter KRMS.
This parameter represents the average stress intensity factor along the crack front which gives better results
of fatigue crack growth life predictions. A recent review highlighted that material properties under impact
loading are key parameters affecting fatigue crack growth [17]. Probabilistic approaches have also been
developed, such as particle filtering methods for pipeline fatigue crack growth prediction, which provide
confidence intervals for remaining life and account for uncertainties in Paris’ law parameters [18]. Prior
Stress Intensity Factor solution and ASME Section XI tables mainly cover axial semi-elliptical with aspect
ratios a/c > 1 (deep cracks) [19]. In contrast, this paper investigates a transportation-damaged pipe that
operates at high temperatures containing a shallow axial surface crack with a high aspect ratio of ¢/a = 25,
representing the damage geometry. This case study is complemented by additional tests for cracks with the
same half-length (¢ = 50 mm), with various crack depths (a/t = 0.1, 0.15, 0.2, and 0.25) corresponding to
aspect ratios 70, 47, 35 and 28, respectively in order to assess the applicability of the proposed modification.
For Paris law crack growth, analytical (modified Newman solution) and numerical (FEA) approaches were
employed. While many prior studies focus on idealized specimens or standard piping components, there
is a lack of research on transportation-damaged piping components under high operating temperatures,
with high aspect ratio axial cracks coupled with Plastic Limit Pressure analysis The novelty of this work
lies in addressing the scarcely explored high crack aspect ratio through a dual-layered methodology, where
analytical and numerical approaches are validated at each stage to provide a reliable assessment. A damaged
pipe with a defect is shown in Fig. 1.

Figure 1: Detected transportation damage on the pipe spool
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2 Problem Description

The observed damaged pipe is part of the steam power plant piping system. Steam pipes are crucial
components in power plants exposed to high temperatures, pressure, and even occasional environmental
loads such as wind and seismic loads. Therefore, design and maintenance stages are essential to build a
sustainable power piping system. While the pipe was damaged during the transportation process, integrity
assessment is an inevitable task after the design process [20]. The observed piping system is operating at an
internal pressure of 2.2 MPa and 420°C along with 22,000 operational cycles under two daily charge and
discharge conditions. The damage is placed longitudinally, parallel to the pipe axis and perpendicular to the
hoop stress direction, which indicates mode I crack opening. The stress state of the damaged pipe is shown
in Fig. 2.

Figure 2: Stress state of damaged pipe loaded with internal pressure

Fig. 2 illustrates directions of the longitudinal (axial) and hoop (circumferential) stress in a thin-walled
pipe. These stresses are considered uniform across wall thickness under the thin-wall assumption (t/D < 0.1).
Expressions are [21]:

R;

oy =L =, 1)
R,

o = ”z—t 2)

where p is the internal pressure, R, and R, are the pipe’s inner and outer radius, and ¢ is the wall thickness.
To compensate for the non-uniform hoop stress distribution that appears in reality, the design equation
generally uses the outside radius instead of the inside radius. This equation is conservative and primarily
used for design purposes, as it slightly overestimates the numerical results in cases where the objective is to
obtain the Stress Intensity Factor as a fracture parameter.

In order to simplify the calculation, the actual damage geometry is simplified to a semi-elliptical crack
according to [22]. This approximation is shown in Fig. 3.

Dimensions of the semi-elliptical crack are a = 2 mm, which represents the depth of the crack, and
¢ = 50 mm, which is half the length of the crack. Pipe diameter is DN150 with a thickness of ¢ = 711 mm.
Pipe material is austenitic stainless steel A312 TP321H. This type of piping material is suitable and often
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used for steam piping exposed to high pressures and temperatures. Material properties at room and design
temperature (data available on 427°C in standard) are given in Table 1 [23].

| =,

«  2¢ | | 2¢

Figure 3: Damage approximation

Table 1: Material properties of A312 TP321H [23]

Properties 25°C 427°C
Young’s modulus (E): 195,128 MPa 166,169 MPa
Density (p): 8027 kg/m*® 8027 kg/m?
Yield strength (Ry0.2): 172 MPa 108 MPa
Ultimate strength (Ry,): 483 MPa 389 MPa
Poisson’ ratio in elastic range (v): 0.28 0.28

Coefficient of linear thermal expansion («): 16 x 10 K™! 18 x 1076 K™!

3 Analytical Determination of Stress Intensity Factor and Plastic Limit Pressure

In order to assess the integrity of damaged pipe and service life, it is inevitable to determine essential
parameters for that matter, Stress Intensity Factor (SIF) and Plastic Limit Pressure (PLP) by considering
damage as a crack. The analytical calculation considers the maximum SIF along the crack front. Stress
Intensity Factor was obtained by applying Newman’s expression for the cylindrical part of a pressure vessel
containing a crack [24,25]:

Klzax,/%M, (3)

M = M.f,, (4)

where o is the hoop stress (calculated by applying Fq. (1)), a is the crack depth, ¢ is crack shape factor, M is
the magnification factor, which consists of the combined front-face and back-face correction factor (M,) and
shell-curvature correction factor (f;).

Crack-shape factor [24,25]:

- (5)

,  J1+1464(a/c) ", a<c,
1+1.464(c/a)"%,a > c.

Combined front-face and back-face correction factor [24,25]:

Me=M1+(</> g—Ml)(f)q. (6)
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Front-face correction factor [24,25]:

a
1.13—0.10(—),a <c,

c
M, = 7
! c ( 0.03c) @
— 1+ ,a> ¢,
a a
3
g=2+8 (f) . (8)
c
Shell curvature (free-surface) correction factor [24,25]:
o= (1+ 0521, +12922 - 0.0742%)"* for 0 < A, <10, 9)
A= —=" (10)

- URir
where a is a crack depth, c is half crack length, R; represents inner radius of the pipe.

Eq. (9) shows that Newman’s shell curvature correction factor is defined as 0 < A; < 10, however, it was
calibrated for moderate crack aspect ratios. For the damage case (a = 2 mm, c/a = 25, A; = 0.6), the complete
magnification factor (M = M,f,) overestimated the Stress Intensity Factor compared to numerical results. The
simplified magnification factor (M = M,) matched the numerical predictions with a deviation of less than
5%. This deviation indicates that for very long and shallow cracks, with a very high length-to-depth ratio
in thin-walled pipes, the shell curvature (free-surface) correction factor can double-count curvature effects
already present in the calculated stress. Considering this, we propose a high-aspect-ratio modification where
the surface factor is included or excluded, while delivering analytical predictions consistent with numerical
results. Extension of Newman’s cylindrical shell Stress Intensity Factor to a high crack aspect ratio as a
modified magnification factor:

M =M. [g(fi-D], (1)

where g is a dimensionless attenuation surface factor. Mathematically, g can only collapse to 0 or 1. When
g =1, it recovers Newman’s original magnification factor M = M,f,, which is applicable for ordinary crack
aspect ratios. In this case, g = 0, which drops the shell curvature (free-surface) correction factor f;, and the
magnification factor is simplified to M* = M,. To further investigate this behavior, validation was extended
to cracks of the same length (c = 50 mm) but varying depths (a/t = 0.1-0.25), corresponding to aspect ratios
70 down to 28.

Plastic Limit Pressure (PLP) determination implies finding the pressure at which plastic collapse occurs.
This collapse occurs when the equivalent stresses exceed the yield strength of the material through the whole
remaining ligament. The expression for calculating PLP for a pipe containing a semi-elliptical axial part-
through crack, where the hoop stress is dominant, and based on Tresca and von Mises yield criteria [26]:

() [ ) S ()
Pr=yim\ Ty, R \R tR;) " 2\t) \r) T\ R T 2r )|
where R, is outside pipe radius, R; is inside pipe radius, o, is yield strength of the material,  is pipe thickness,
a is crack depth and c is half crack length.
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4 Numerical Determination of Stress Intensity Factor and Plastic Limit Pressure

The numerical calculation of Stress Intensity Factor and Plastic Limit Pressure was performed in Ansys
Workbench 2022 [27]. Numerical calculation of the Stress Intensity Factor implies applying a linear material
model at the design temperature. A half-model was adopted with a symmetry plane perpendicular to the axial
crack to reduce computational cost. Ssymmetry mirrors the global field and includes a remote mirror crack.
A sensitivity calculation was performed with a single crack on the whole pipe model segment (excluding
symmetry). Comparison of the SIF at the deepest point and the ligament-average equivalent stress differs
by less than 0.5% relative to the symmetric model. Therefore, crack interaction is neglected for the present
geometry and loading, and the symmetric model is preserved. Other applied boundary conditions are set
as constraints of the model and as loading conditions. The numerical model with boundary conditions is
shown in Fig. 4.

C: Nonlinear 420°C
Displacement
Time: 1. s

02-Feb-24 8:12 PM

A Force: 20510 N

B | Displacement

& Thermal Condition: 427. °C
[B] Pressure: 2.2 MPa

Y B

0.00 50.00 100.00 (mm)
I I

25.00 75.00
Figure 4: Boundary conditions in numerical model

The compensation force (A) was applied to achieve static equilibrium. Displacement (B) was con-
strained in the X-direction. The thermal condition (C) was set to the design temperature, and the internal
pressure (D) was applied to the inside surface of the pipe.

Meshing of the model was performed using second-order tetrahedral finite elements, while the crack
was meshed with dominantly second-order hexahedral singular elements to capture the stress singularity.
Attention was paid to ensure at least three elements across the thickness of the pipe. The number of elements
along the crack front is set to 350, with a largest contour radius of 0.1 mm. To achieve mesh-independent
results, a mesh sensitivity analysis was conducted. The mesh size was categorized into three groups: coarse,
medium, and fine, using a linear-elastic material model at a working pressure of p = 2.2 MPa with a crack
size of a = 2 mm. We report the ligament-average stress per unit pressure, k = 0eq,avg> and Stress Intensity
Factor K at the deepest point. Convergence of k at working pressure is load-independent and represents the
same mesh trend that would appear in nonlinear Plastic Limit Pressure analysis. Table 2 displays the mesh
sensitivity results.
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Table 2: Mesh sensitivity analysis results

Mesh Elements (~) Kyppm (MPay/mm) k= 0eg,avg/p (-)
Coarse 150,000 85.055 15.52
Medium 200,000 85.144 15.19
Fine 300,000 85.195 15.00
Difference (fine vs. medium) - 0.05% 1.3%

Fine mesh was adopted. Meshed numerical model with crack is shown in Fig. 5.

Figure 5: Meshed model with crack

The numerical Stress Intensity Factor was obtained directly from the finite element model by defining
a semi-elliptical surface crack in ANSYS Workbench and applying fracture mechanics tools along the crack
front. Numerically obtained Stress Intensity Factor (K prm) along the crack contour is given in Fig. 6.

The comparison of results for the damaged case with crack size a = 2 mm is shown in Table 3. It can be
concluded that the analytical approach, using a modified magnification factor for SIF, gives accurate results.

To verify the applicability of the proposed magnification factor, in addition to the damage case (c/a = 25),
validation of additional cracks was performed for the same half-length (¢ = 50 mm). Relative depths of
alt = 0.1, 0.15, 0.2, and 0.25 corresponding to aspect ratios of 70, 47, 35, and 28, respectively. Stress Intensity
Factor was extracted at the deepest point of the semi-elliptical crack front for relative crack depths a/t = 0.1,
0.15, 0.2, and 0.25 corresponding to aspect ratios c/a = 28, 35, 47, and 70. For each crack depth, three values
were validated, numerical K pgy, analytical predictions using the simplified magnification factor (M* = M,),
and analytical predictions using the original Newman formulation. The comparison helps quantify the
deviation of the analytical solutions from numerical and identifies whether the proposed modification
(M* = M,) provides better agreement in the high aspect ratio regime. Fig. 7 and Table 4 show the comparison
of SIF for different a/t.
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A: 420°C B
SIFS (K1)

Type: SIFS - Contour 6
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Time: 1
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Figure 6: Stress intensity factor along crack shape

Table 3: Comparison of analytical and numerical results for stress intensity factor of damaged pipe

Analytical result K; (MPa,/mm) Numerical result K pgpp (MPay/mm)  Difference (%)
85.375 85.195 0.21

«f@—=Newman (M) <==®=Modified Newman (M*) ==fe=FEM

H
£ 100
£ 9
=
5 %0
2
g 70
:.:>
= 60
=
£ 50
=
=
2 40
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0.1 0.15 0.2 0.25
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Figure 7: Comparison of stress intensity factor for different relative crack depths
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Table 4: shows stress intensity factor (SIF) values at different relative crack depths (a/t)

alt clat a (mm) KI,FEM KI [M = Me s] Dev. (%) KI [M* = Me] Devw. (%)

(MPa,/mm) (MPa,/mm) (MPa,/mm)
0.1 70 0.711 40.176 46.245 13.1 42.767 6,4
015 47 1.067 51.997 62.387 19.9 54.783 5.3
0.2 35 1.422 63.813 79.958 253 66.357 3.9
0.25 28 1.777 76.501 99.67 30.2 77.968 1.9

Note: *The crack length c is constant, ¢ = 50 mm.

Unlike the determination of SIE, to calculate Plastic Limit Pressure, a nonlinear material model must be
taken into account. A bilinear elastic-plastic material model with a low level of isotropic hardening, along
with a representative material model (Fig. 8).

160
140
120
100
80
60
40

Bilinear

Stress [MPa]

Representative

0 0.005 0.01 0.015 0.02

Strain [-]
Figure 8: A bilinear material model compared to a representative model of actual plastic hardening

Plot compares the bilinear material model used in calculation with a typical representative high-
temperature stress—strain curve for 321/321H stainless steel at ~420°C [28]. The representative model is used
explicitly for clarification purposes. The bilinear model introduces the yield point while simplifying post-
yield hardening. This approximation is acceptable for plastic Limit Pressure evaluation, since PLP depends
on the local ligament yielding rather than the actual plastic hardening response. The simplified law also
improves convergence compared to using the full hardening model. Only the region near the yield strength
is shown on the plot, as this is the range in the material model relevant for PLP assessment.

In the simulations, the internal pressure was incrementally increased until the local yielding developed
in the crack ligament. The Plastic Limit Pressure (Pyrgym) was defined as the pressure at which the von
Mises equivalent stress near the crack tip reaches the temperature-dependent yield strength of the material
(0, =108 MPa at 420°C) [29]. For thin pressurized pipes, the multiaxial state of stress can be reduced to the
dominant hoop oy, axial ox, and shear (1) components, while radial stress is neglected [30]:

Oeq = \/O‘H2 + O'X2 — OHox + 3172, (13)

Plastic Limit Pressure phenomenon is shown in Fig. 9.
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C: Nonlinear 420°C
Equivalent Stress 3
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Figure 9: Material yielding due to plastic limit pressure

The comparison of results for the damaged pipe with a crack size of a = 2 mm is given in Table 5. It can
be concluded that the analytical approach for PLP gives accurate results.

Table 5: Comparison of analytical and numerical results for plastic limit pressure

Analytical result Py (MPa) Numerical result Py gy (MPa) Deviation (%)
8.38 8.75 4.23

5 Service Life Assessment

The observed piping system is assumed to undergo 22,000 operational cycles, corresponding to two
daily charge and discharge conditions over its operational lifespan. While many forms of crack propagation
laws exist, the analytical assessment as a scope of this paper is based on P.C. Paris’s law [3]:

da m
ac da
N= [ C(AK)™ )

where da represents incremental increase in crack length, dN represents incremental increase in the number
of load cycles, AK is range of Stress Intensity Factor, C and m are material constants.

From [31] are taken conservative values for material constants, C = 5.6 x 107! mm/cycle and m = 3.25.
The Paris law constants can vary with temperature, these adopted values from the literature represent the
upper-bound crack growth criterion for austenitic steels and are conservative at 420°C. The fracture of a
cyclically loaded structural element will occur when the maximum Stress Intensity Factor reaches the critical
value—fracture toughness, when the stress in the remaining cross-section weakened by the crack reaches the
tensile strength of the material (Ky,x = Kc). The critical Stress Intensity Factor value was calculated based
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on the value of Charpy impact toughness [32,33]:

Kupat = K. = [(m/ﬁ—zo) (%)4] +20, (16)

where KV represents the energy required for fracture, and B is the thickness of the pipe.

Although the loading during successive charging and discharging of the pipeline would be best repre-
sented by a trapezoidal diagram, a sinusoidal variation in loading can serve as an adequate approximation
for the case of cyclic variable loading. Trapezoidal cycles would give similar AK results as long as the stress
range is preserved. Stress range is calculated similarly for trapezoidal as for sinusoidal cyclic loading [34]:

Ao ~ Omax — Omin (17)

A sinusoidal approach ensures a smooth transition between load phases, reduces numerical instabilities,
and provides a computationally efficient alternative. Many fatigue models, including those based on Paris’
law, are provided under sinusoidal assumptions, making it a more compatible choice for crack propagation
analysis. Under cyclic loading, the stresses change periodically with time, as illustrated in Fig. 10. Pulsating
cyclic loading is present, as the plant is shut down and restarted twice a day (cycle characteristic R = 0). This
approach provides a slightly conservative estimate of crack growth, ensuring safety in fatigue life assessment.

N
Preax

A\ 4

Cycle

Figure 10: Cyclic loading

To determine the number of cycles until fracture, it is necessary to integrate Paris’ law (Eq. (15)). This
area under the Paris’ law curve represents the total amount of crack growth that occurs within a specific range
of crack depths. The analytical range of the Stress Intensity Factor (AK) was calculated using the modified
magnification factor (M*) to assess its compatibility with Paris law and inspect if it aligns with numerical
results. Analytically obtained number of cycles for several steps of crack growth are given in Table 6:

The table shows the values of crack growth in relation to the number of cyclic changes until complete
fracture, while assuming the initial crack length ay = 2 mm, which is the damage depth.

For a numerical service life assessment, Ansys S.M.A.RT. crack growth has been used. A feature within
ANSYS Mechanical that enables automatic prediction of crack propagation paths and velocities based on
specific fracture criteria. It is a powerful tool used in fracture mechanics analysis to simulate crack behavior
in structural components under various loading conditions. Separating Morphing Adaptive Re-Meshing
Technology (S.M.A.R.T.). As the crack propagates, the mesh separates around it, and the surrounding zone
is re-meshed [35]. Paris’ law has also been applied in numerical calculation, along with material constants
applied in analytical calculation. Fig. 11 shows the shape of the crack front contour with the corresponding
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Stress Intensity Factor at the moment before fracture, when the propagation through the entire wall thickness
of the pipe occurs.

Table 6: Analitically determined number of cycles until fracture

Number of cycles N (cycle) Crack length a (mm) Stress intensity factor A K (MPa,/mm)

0 2 85.37
93,500 2.99 119.91
116,500 3.72 147.63
129,250 4.53 179.95
135,950 5.33 214.41
140,020 6.19 253.77
142,270 7.01 293.65
142,450 7.11 298.94
A: 420°C i i
%F:efgzs- Contour 3 A —
Unit: MPa-mim*(0.5) N T R
Time: 1 2 A
o N\
o ~_
174.64 y
1449
115.16
85417
55.676
25.935 Min
z‘/I\‘ X
0.00 50.00 100.00 (mm)
| | ]

25.00 75.00

Figure 11: Crack front contour shape in moment before fracture
Numerically obtained number of cycles for several steps of crack growth is given in Table 7:

Table 7: Numerically obtained number of cycles until fracture

Number of cycles N (cycle) Crack length a (mm) Stress intensity factor A K (MPa,/mm)

0 2 85.195
103,140 2.999 82.383
127,590 3.727 121.23
138,690 4.538 155.45
144,160 5.326 191.26
147,180 6.192 223.16
149,240 7.01 255.44

151,080 711 295.83
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Further, the results comparison of the analytical and numerical approaches for service life assessment is
given. The diagram in Fig. 12 shows a comparison of crack propagation under cyclic loading using analytical
and numerical approaches.

6

—O—FEM
—O— Analytical

Crack length () [mm]

0 30,000 60,000 90,000 1,20,000  1,50,000

Number of cycles

Figure 12: Crack propagation comparison
The number of cycles until fracture is compared in Table 8:

Table 8: Number of cycles until fracture comparison

Analytical result (cycles) Numerical result (cycles) Deviation (%)
142,450 151,080 5.71

Comparison of the change in the Stress Intensity Factor due to crack propagation is shown in Fig. 13:

350
~
E 300
=
g 250
S —
s E
= = 200
27
23
2 & 150
=
= 100
2
@ 50 —O—FEM —O— Analytical
= :
7]

0

[ 38
w

4 5 6 7
Crack length (a) [mm]

Figure 13: Comparison of the variation in the stress intensity factor due to propagation

The plot demonstrates that across the entire growth history up to failure (a/t < 1), the migrating
maximum AK; from numerical (S.M.A.RT.) crack growth followed the modified Newman prediction
(M* = M,). The trend agreement is present beyond shallow crack sizes. Under pressure-dominant loading
conditions in a cylindrical shell, the location of max AKggy changes on the contour during the crack
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propagation to the regions where curvature effects are weak. Suppressing the curvature correction factor f
by using M* = M, avoids overestimating analytical AK and ensures that the correct trend is maintained, even
for larger crack depths. Comparison of Stress Intensity Factor values at the final step of propagation before
the crack extended through the entire cross-section is shown in Table 9:

Table 9: Comparison of stress intensity factor in moment of fracture

Analytical result A K (MPay/mm) Numerical result A Kggy (MPay/mm) Deviation (%)
298.94 295.83 1.04

From the comparison of analytical and numerical approaches for service life determination, it can be
concluded that the results aligned well. A small deviation is present, indicating conservatism in the analytical
approach. However, the deviation between results in both approaches remains within 5%. By applying the
analytical approach, time-consuming numerical modeling can be avoided with less effort. In service life
assessment, the range of the Stress Intensity Factor was calculated using the modified magnification factor
(M*), which reduced the original Newman formulation and improved agreement with numerical results. It is
important to note that this represents a limited study. The broader applicability of the modified magnification
factor to other geometries, crack depths, and loading conditions still needs validation in future research.

6 Integrity Assessment (FAD)

The FAD diagram (Failure Assessment Diagram) is a graphical representation of the results from
fracture mechanics analysis, used to evaluate the fracture behavior of materials under different loading
conditions. This diagram combines various parameters, such as the Stress Intensity Factor (K), the J-integral,
the limit load (Py), or other fracture criteria, to assess the safety and reliability of structures or equipment.
The FAD diagram will be constructed using the guidelines of the SINTAP/FITNET procedure. The selected
approach applies fracture toughness and load as constant values, while the crack size gradually increases.
The assessment point moves towards the FAD line and intersects it at the moment of failure. To determine
assessment points for different crack sizes, the Stress Intensity Factor and Plastic Limit Pressure must be
calculated for each crack size. Numerical calculations iteratively provided solutions for the limit pressure for
crack sizes of 1.5, 2, 2.5, and 3 mm at the operating temperature (Fig. 14, Table 10).

The FAD Option 1B is used for materials that do not exhibit a yield plateau, defined as o, = Rp ;. The
diagram is constructed using the values of the elastic modulus, yield strength, and tensile strength at the
operating temperature. The failure envelope function is given by [36]:

FL)=[1+05-12][03+0.7 exp(-u-L8)] for0< L, <1, (18)
f(L) = f(Ly=1)- LND2N for 1 < L, < LM%, (19)

The integrity assessment will be conducted using both analytical (modified Newman) and numerical
approaches. The FAD diagram, showing a comparison of analytical and numerical (FEM) assessment points
for various crack sizes, is presented in Fig. 15.

The K; = Ki/Kma represents the ratio between Stress Intensity Factor and fracture toughness of the
material, while L, = P/Py is the ratio between working pressure and Plastic Limit Pressure [37].
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Figure 14: Material yielding due to limit pressure for various crack sizes: (a) a = 1.5 mm; (b) a = 2 mm; (c) a = 2.5 mm;
(d)a=3mm

Table 10: Plastic limit pressure values for various crack sizes

Crack size a (mm) Plastic limit pressure Py pgy (MPa)

1.5 9.5
2 8.75

2.5 8
3 71

1.4
a=3 mm
1.2
s 1
£
SEY
=
R UNACCEPTABLE —O0—FEM
= REGION
0.4 —f(Lr)
0.2 ACCEPTABLE —O— Analytical
REGION
0
0 0.5 1 1.5 2 2.5
Lr = P/Py

Figure 15: FAD diagram showing a comparison of FEM and analytical assessment points for various crack sizes
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Results for each assessment point are given in Table 11. These values are critical for assessing the integrity
of the pipeline and predicting the conditions under which failure might occur.

Table 11: Results for analytical and numerical assessment points

a(mm) Kj (MPa,/mm) Py (MPa) L. =P/ Py K;: = Ki/ Kpat

1.5 68.896 9.316 0.236 0.669
2 85.375 8.83 0.249 0.830
2.5 102.844 8.38 0.262 1
3 120.33 6.951 0.316 1.170
a (mm) KI,FEM (MPa\/mm) PY,FEM (MPa) Lr =P/ PY,FEM Kr = KI,FEM/ Kmal
1.5 66.619 9.5 0.231 0.647
2 84.81 8.75 0.251 0.824
2.5 106.57 8 0.275 1.036
3 131.8 71 0.309 1.281

7 Conclusion

This study investigates the structural integrity of a transportation-damaged pipe containing a long axial
surface crack. The crack depth of a = 2 mm (c/a = 25) was analyzed in detail, and additional calculations were
performed for the same half-length (¢ = 50 mm) with varying depths (a/t = 0.1-0.25), which correspond to
aspect ratios ranging from about 70 to 28. The results showed that the original Newman formulation with
the shell curvature correction factor overestimated the Stress Intensity Factor by up to 30% for long and
shallow cracks, while the modified magnification factor (M* = M,) matched the numerical results within 5%.
Plastic Limit Pressure for several crack depths was obtained by using a bilinear material model. PLP results
are closely aligned with available solutions. Service life predictions from analytical and FEM methods agreed
within 5%, with the analytical method proving conservative by approximately 8500 cycles. The analytical
method, despite its conservative nature, provides significant advantages in terms of efficiency and safety,
making it suitable for initial evaluations, while numerical simulations can be reserved for situations where
additional accuracy is required. The application of the modified magnification factor extends Newman’s
formulation to very high aspect ratios, improving agreement with FEM while retaining analytical simplicity.
However, the present validation was limited to cracks with a constant half-length (¢ = 50) and varying
depths, corresponding to aspect ratios between 25 and 70. Therefore, the proposed modification should be
considered as an initial validation and requires further testing for different crack lengths, geometries, and
wall thicknesses to confirm its broader applicability. Future work should expand the applicability study of the
modified magnification factor to a broader range of crack configurations, including different crack lengths,
loading conditions, and geometries, to develop a broader correction approach for high aspect ratio cracks.
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Abbreviations

ANSYS Analysis System (FEA software)

ASTM American Society for Testing and Materials
ASME American Society of Mechanical Engineers
DN Nominal Diameter (pipe size designation)
FAD Failure Assessment Diagram

FEA Finite Element Analysis

FEM Finite Element Method

LBB Leak Before Break

PLP Plastic Limit Pressure

SM.ART.  Separating Morphing Adaptive Re-meshing Technology (ANSYS crack growth tool)
SIF Stress Intensity Factor

SINTAP Structural Integrity Assessment Procedure
Nomenclature

a Crack depth

c Half length of crack

01 Maximum principal stress

E Young’s modulus

p Material density

Ryo.2 Yield strength

R Ultimate strength

v Poisson’s ratio in elastic range

o Coeflicient of linear thermal expansion

K; Mode I Stress intensity factor

o Hoop stress

¢ Crack shape factor

M Magnification factor

M* Modified magnification factor

fs Shell curvature (free-surface) correction factor
M, Front-face correction factor

Py Plastic limit pressure

R, Outside pipe radius

R Inside pipe radius

oy Yield strength of the material

Ocq Equivalent von Mises stress

t Pipe wall thickness

K1 rEm Numerically determined stress intensity factor
Py ppm Numerically determined plastic limit pressure
da Incremental increase in crack length

dN Incremental increase in the number of load cycles
AK Range of stress intensity factor

C Material constant
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m Material constant

Kinax Maximum Stress Intensity Factor

K¢ Critical stress intensity factor

KV Energy required for fracture

B Thickness of the specimen

R Cycle characteristic

ap Initial crack length

ac Final crack length

N Number of cycles

K, Ratio between stress intensity factor and fracture toughness of the material

L Ratio between internal pressure and plastic limit pressure
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