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a b s t r a c t

One of the main concerns in the structural integrity of offshore pipelines is mechanical damage from
external loads. Pipelines are exposed to fatigue failure in welded joints due to geometric discontinuity. In
addition, fatigue loads such as currents, waves, and platform motions may cause significant plastic
deformation and fracture or leakage within a relatively low-cycle regime. The 2007 ASME Div. 2 Code
adopts the master SeN curve for the fatigue evaluation of welded joints based on the mesh-insensitive
structural stress. An extension to the master SeN curve was introduced to evaluate the low-cycle fatigue
strength. This structural strain method uses the tensile properties of the material. However, the
monotonic tensile properties have limitations in describing the material behavior above the elastic range
because most engineering materials exhibit hardening or softening behavior under cyclic loads. The goal
of this study is to extend the cyclic stress-strain behavior to the structural strain method. To this end,
structural strain-based procedure was established while considering the cyclic stress-strain behavior and
compared to the structural strain method with monotonic tensile properties. Finally, the improved
prediction method was validated using fatigue test data from full-scale girth-welded pipes.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Offshore pipelines are an effective means of transporting oil and
gas resources. The main concern in maintaining the integrity of
offshore pipelines is mechanical damage from external loads.
Pipelines are commonly subjected to significant fatigue loads due
to platform motions, waves, and currents. These fatigue loads can
result in fracture or leakage within a relatively low-cycle regime
because the cyclic load magnitude is high enough to cause plastic
deformation of the material. Thus, elastic stress-based fatigue
evaluation has limitations in considering material nonlinear
behavior.

The 2007 ASME Division 2 Code (American Society of
Mechanical Engineers, 2007) introduced the master SeN curve
based on mesh-insensitive structural stress for the fatigue evalua-
tion of welded joints. The equivalent structural stress in the master
SeN curve includes various effects, such as stress concentration,

plate or pipe thickness, and loading modes in terms of the fatigue
behavior for welded structures. The results show good correlations
with fatigue test results. However, in a low-cycle fatigue regime,
there are many difficulties in applying the method because it is
based on the stiffness curve of welded structures through fatigue
tests (Dong et al., 2014).

To improve the method, Dong et al. (2014) proposed a structural
strain-based fatigue evaluation procedure using the elastic
perfectly plastic behavior without the actual stiffness curve. The
elastic perfectly plastic behavior is only expressed by the elastic
modulus and yield strength. These tensile properties can be rela-
tively easy to obtain from the literature and tensile tests. The
structural strain method corresponds well to the master SeN curve
in the load range where elastic behavior is dominant, but there is
significant discrepancy in the load range where large plastic
deformation occurs (Pei et al., 2017). This is because the elastic
perfect plastic model oversimplifies the nonlinear behavior of
materials to the yield strength. Thus, this model is effective enough
in the range where elastic behavior is dominant but has limitations
in describing actual material behavior when significant plastic
deformation occurs. To overcome these limitations, studies have
been performed to directly apply the stress-strain curve of
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materials to the structural strain method (Pei and Dong, 2019). In
most engineering metals, the material behavior involves hardening
or softening under cyclic loads according to the chemical compo-
sition and heat treatment. This results in differences from mono-
tonic behavior of materials (Dowling, 2013). There is significant
plastic deformation in the low-cycle fatigue, so it is important to
correctly reflect the material’s nonlinear behavior beyond the
elastic range (Lee and Kim, 2018).

The goal of this study is to apply the cyclic stress-strain behavior
to the structural strain method. To this end, a structural strain-
based procedure was established while considering the cyclic
nonlinear behavior, and a case study was performed using pipeline
steel to compare the differences frommonotonic tensile properties.
Finally, a validationwas carried out using fatigue test data from full-
scale girth-welded pipes.

2. Background

2.1. Application of the pseudo-elastic load in low-cycle fatigue
evaluation

Markl (Markl, 1947; Markl and Louisville, 1952) and Scavuzzo
(Scavuzzo et al., 1998) performed low-cycle fatigue evaluations for
full-scale girth-welded pipes using the pseudo-elastic load
parameter. The pseudo-elastic load is obtained by extrapolating the
elastic part of the stabilized load-displacement curve, as shown in
Fig. 1. The applied displacement dapplied is determined for an applied
force Fapplied, followed by extrapolation of the elastic range for
stabilized stiffness curve. The pseudo-elastic load Fpseudo is deter-
mined for the applied displacement dapplied from the stabilized
stiffness curve.

Finally, the pseudo-elastic stress is obtained by linear analysis
(FEA or analytical solutions) using the pseudo-elastic load. If fatigue
tests are carried out within the elastic range, the pseudo-elastic
stress is essentially equal to the stress calculated using the
applied force. Low-cycle fatigue evaluation using the stiffness curve
represents a good correlation with fatigue test results and has ad-
vantages in that it can easily calculating the pseudo-elastic stress
through linear analysis. However, there is a significant drawback in
that the stabilized stiffness curve of welded joints is essential for
this method (Pei et al., 2017).

Low-cycle fatigue tests are difficult to perform with structural
units, and evenwith the same material, the tendencies vary greatly
with the shape of the engineering structure. To avoid these short-
comings, Dong et al. (2014) proposed the structural strain-based
low-cycle fatigue evaluation method that uses the tensile proper-
ties of materials. Thus, for the same materials, the structural strain
method can equally be used for the low-cycle fatigue regime,
regardless of the complex shapes of structures.

2.2. Master SeN curve

The master SeN curve (American Society of Mechanical
Engineers, 2007) is shown in Fig. 2. The master SeN curve
approach (Dong et al., 2007) can be applied to a pipe component in
a low-cycle fatigue regime (Markl, 1947; Markl and Louisville, 1952;
Scavuzzo et al., 1998). The equivalent structural stress range
parameter of the curve forms a narrow scatter band for a large
number of fatigue test data with failure cycles ranging from a few
hundred to 108 by considering joint types, loading modes, plate or
pipe thicknesses, and other parameters.

The structural stress method is one of the local stress ap-
proaches to consider the stress concentration due to geometric

Fig. 1. (a) Cantilever bending, (b) 4-point bending, (c) Definitions of pseudo-elastic load (Dong et al., 2014).

Fig. 2. Master SeN curve and fatigue test data (American Society of Mechanical
Engineers, 2007).
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discontinuities. It is an effective method that gives a constant stress
concentration factor, regardless of the characteristics of the finite
element mesh. The structural stress consists of the membrane
stress and bending stress (Dong, 2001).

ss ¼ sm þ sb (1)

The equivalent structural stress range includes various effects
such as the stress concentration, plate or pipe thickness, and
loading modes in terms of the fatigue behavior for welded
structures.

Dseq ¼Dss
.�

t*ð2�mÞ=2mIðrÞ1=m
�

(2)

Dss is the structural stress range, and m is typically taken as 3.6
(which is derived from a two-stage crack growthmodel (Dong et al.,
2003)). t* is the relative thickness in terms of a unit thickness (t* ¼
t=1 mm).

r¼ jsbj = ðjsmj þ jsbjÞ (3)

The bending ratio r is defined as the ratio of the bending stress

to the structural stress. IðrÞ1=m is given as a polynomial according to

the test conditions. IðrÞ1=m for the load-controlled conditions is:

IðrÞ1=m ¼0:0011r6 þ 0:0767r5 � 0:0988r4 þ 0:0946r3

þ 0:0221r2 þ 0:014r þ 1:2223
(4)

For displacement-controlled conditions, it is:

IðrÞ1=m ¼2:1549r6 � 5:0422r5 þ 4:8002r4 � 2:0694r3

þ 0:561r2 þ 0:0097r þ 1:5426
(5)

2.3. Structural strain method for a pipe section

The procedure of the structural strain method (Pei et al., 2017)
for girth-welded pipes is summarized in Fig. 3. Firstly, a linear
analysis is carried out to assess the structural stress of the locations
where fatigue failure is expected. In the low-cycle fatigue regime,
the structural stress calculated by a linear analysis exceeds the
elastic range of materials. Therefore, the stress is redistributed to
consider the nonlinear material behavior above the elastic range,
and there are several basic conditions to be satisfied: 1) force and
moment equilibrium, 2) nonlinear material behavior, and 3) linear
through thickness deformation.

Finally, the pseudo-structural stress is obtained by extrapolating
the elastic range of the redistributed stress, and the equivalent
structural stress is calculated by Eq. (2). Force and moment equi-
librium conditions apply to pipe sections as shown in Fig. 4. lðyÞ is
the cord length in the direction of the y-coordinate. R and r
correspond to the outer and inner radiuses, respectively.

The cord length lðyÞ corresponding to y-coordinate can be
expressed as:

lðyÞ ¼

8>>>><
>>>>:

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � y2

q

2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � y2
q

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � y2

q

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � y2

q

r< y � R
�r< y � r

�R � y � �r
(6)

The equilibrium conditions for the force and moment are
expressed in the membrane stress and bending stress calculated by
a linear analysis in Eqs. (7) and (8).

Fin ¼
ðR

�R

sðx; yÞlðyÞdy¼ Fapplied ¼smp
�
R2 � r2

�
(7)

Min ¼
ðR

�R

sðx; yÞlðyÞydy¼Mapplied ¼ sbI
�
R¼ sbp

�
R4 � r4

�� ð4RÞ

(8)

sm and sb are the membrane stress and bending stress,
respectively. Fin and Min are the resultant inner force and moment
for the pipe’s cross section. sðx; yÞ is the normal stress component
corresponding to the location (x, y). In a previous study (Pei et al.,
2017), the elastic-perfectly plastic behavior was used to simplify
the nonlinear material behavior, as shown in Fig. 5.

The linear through thickness deformation gradient assumption
is based on the assumption that a “plane section remains plane”
from traditional Euler-Bernoulli beam bending theory. Therefore,
the deformation of the cross section distributes linearly regardless
of the elastic and plastic behavior. The stress distribution satisfying
the three basic conditions is divided into linear elastic, one-side-
yield, and two-side-yield conditions.

The linear elastic conditions imply that the applied structural
stress is lower than the yield strength of the material (i.e., jsm þ
sbj � sY ). In this case, the pseudo-structural stress is essentially the
same as the applied structural stress. In the other two conditions,
the applied structural stress is higher than the yield strength and
varies with the size of structural stress components. One-side-yield
conditions mean that the membrane stress is dominant, and only
one side of the pipe section experiences yielding, as shown in Fig. 6.

sm and sb are the structural stress components determined by
linear analysis, and the structural stress exceeds the yield strength
of the material. Thus, the stress must be redistributed to satisfy the
two equilibrium conditions and nonlinear material behavior. The

Fig. 3. Procedure of structural strain method (Pei et al., 2017).
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solid black line represents the redistributed stress of the pipe sec-
tion. yY is a location that reaches the yield strength, and k is the
slope of the linear portion of the stress distribution. This stress

distribution can be mathematically expressed as:

sðyÞ ¼
�
sY
kðy� yYÞ þ sY

y> yY
y< yY

(9)

Two-side-yield conditions mean that the bending stress is
dominant, and both the top and bottom of the pipe section yield, as
shown in Fig. 7. e is the neutral axis with sðeÞ ¼ 0, and c is the
elastic core size. The stress distribution is given in Eq. (10).

sðyÞ ¼
8<
:

sY
sY=cðy� eÞ
�sY

cþ e � y � R
�cþ e � y � cþ e
�R � y � �cþ e

(10)

Finally, the pseudo-structural stress is calculated by extrapo-
lating the elastic portion according to the yield conditions.

2.4. Limitation of elastic perfectly plastic behavior

Dong et al. (Pei et al., 2017) validated the effectiveness of the
structural strain method with cantilever bending test data for full-
scale girth-welded pipes from Hinnant and Paulin (Chris and
Paulin, 2008). Fatigue tests were carried out under fully reversed
conditions ðR ¼ � 1Þwith displacement control. Fig. 8 and Table 1
present the fatigue evaluation results based on the structural strain
method.

In the cases of No. 7 and 8, the normalized elastic core size is

Fig. 4. Cross section of girth-welded pipes (Pei et al., 2017).

Fig. 5. Elastic-perfectly plastic behavior (Pei et al., 2017).

Fig. 6. Stress distribution of pipe section in one-side-yield conditions (Pei et al., 2017).

Fig. 7. Stress distribution of cross section in two-side-yield conditions (Pei et al., 2017).
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zero. In these cases, the structural strain method is unnecessary
because the applied load is within the elastic range. For No. 6, the
elastic core is slightly reduced but almost negligible. In these test
data, the pipe section is not affected by nonlinear material behavior
because the elastic behavior is dominant. Thus, they represent good
correlations with the mean master SeN curve.

However, for results within 1000 cycles with a small elastic core
size, the stress is overestimated, and the discrepancy becomes
more significant as the applied load increases. This occurs because
the elastic-perfectly plastic behavior has limitations in precisely
reflecting the nonlinear material behavior under cyclic loading.
Engineering metals are often hardened or softened under cyclic
loads accompanying plastic deformation and exhibit different
behavior from tensile properties. Theremay also bemixed behavior
with softening up to a certain strain level and then hardening
(Dowling, 2013). The cyclic stress-strain curve obtained through the
specimen unit low cycle fatigue test is not only easily performed,
such as the tensile test, but the procedure is also described in detail
in ASTM E606. Furthermore, it can consider the operating tem-
perature. The application of the load range causing plastic defor-
mation can accurately indicate hardening and softening behavior of
actual materials after yielding. Therefore, regardless of the struc-
ture’s geometry or load conditions, it has the advantage of directly
reflecting actual nonlinear behavior as well as can be integrated
into the fatigue assessment of the structure having the same
material.

Fig. 8. Fatigue evaluation results with structural strain method (Pei et al., 2017).

Table 1
Fatigue test results and normalized elastic core size (Pei et al., 2017).

Girth-welded pipe no. Failure cycles Normalized elastic core size

1 242 0.23
2 240 0.23
3 700 0.40
4 544 0.39
5 608 0.39
6 3088 0.92
7 8700 1 (Elastic)
8 42052 1 (Elastic)

Fig. 9. Fully reversed controlled strain test and two possible stress responses, (a) cyclic hardening and (b) cyclic softening (Dowling, 2013).
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3. Structural strain method based on cyclic stress-strain curve

3.1. Cyclic stress-strain behavior of material

Fig. 9 shows the low-cycle fatigue tests performed with fully
reversed conditions (R ¼ � 1) under a constant strain. A strain
amplitude of εa ¼ Dε=2 was applied. Fatigue loading was applied
until the strain reached a value of εmax ¼ þ εa. Then, the loading
direction was reversed and kept until the strain reached εmin ¼ �
εa. The direction of the fatigue loading was reversed when the
strain respectively reached þεa and � εa. The fatigue test was
terminated when the fatigue failure of specimens occurred.

Some materials exhibit cyclic hardening, where the stress in-
creases and with the numbers of cycles. However, others exhibit
cyclic softening, where the stress decreases (Dowling, 2013). Most
engineering metals rapidly harden or soften at the beginning of the
fatigue test, and then the stress variation gradually decreases and
stabilizes.

Once the stress-strain behavior is stabilized according to the
loading cycle, a closed hysteresis loop is formed, as shown in
Fig. 10(a). The slope of the stress-strain curve is initially close to the
elastic modulus and gradually becomes smaller as the plastic strain
increases. The total strain range consists of the elastic and plastic
strain.

Fig. 11. Elastic and plastic strain of stress-strain curve (Dowling, 2013).

Fig. 12. Cyclic material behavior model.

Fig. 10. Stabilized hysteresis loop and cyclic stress-strain curve (Dowling, 2013).
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Dε¼Ds
�
E þ Dεp (11)

This equation can be expressed in terms of the amplitude:

εa ¼ sa
�
E þ εpa (12)

The stabilized hysteresis loops from several different strain
amplitudes are presented in Fig. 10(b). The line from the origin
passing the edges of each loop, O-A-B-C, is defined as a cyclic stress-
strain curve, which represents the relationship between the stress
and strain amplitude under cyclic loading. If the cyclic stress-strain
curve is above the monotonic stress-strain curve, the material ex-
presses cyclic hardening. Cyclic softening is the opposite case.

3.2. Ramberg-Osgood relationship

The Ramberg-Osgood relationship can effectively express
nonlinear material behavior by separating it into elastic and plastic

areas, as shown in Fig. 11. The total strain is the sum of the elastic
and plastic strain. The constants of the plastic strain term in Eq. (14)
can be obtained by a log-log plot of the stress and plastic strain.

ε¼ εe þ εp (13)

ε¼ s
.
E þ ðs=HÞ1=n (14)

H and n are the strength coefficient and strain hardening
exponent, respectively. H is the stress value when the plastic strain
is 1, and n is the slope in terms of plastic strain. Eq. (12) can be
applied to the Ramberg-Osgood relationship as follows:

εa ¼ sa
.
E þ ðsa=H’Þ1=n’ (15)

The prime notation indicates a material constant obtained from
the cyclic stress-strain curve.

Fig. 13. Stress and strain distribution of cross section in one-side-yield conditions.

Fig. 14. Stress and strain distribution of cross section in two-side-yield conditions.
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3.3. Application of cyclic stress-strain curve in the structural strain
method

Cyclic stress-strain curve is applied to the nonlinear material
behavior of structural strain method as shown in Fig. 12. The
equilibrium conditions of Eqs. (7) and (8) can be expressed in the
Ramberg-Osgood relationship for the cyclic stress-strain curve.

Fin¼
Xn

i¼1

sðyiÞlðyiÞdy¼ Fapplied ¼ smp
�
R2 � r2

�
(16)

Min ¼
Xn

i¼1

sðyiÞlðyiÞydy¼Mapplied ¼ sbp
�
R4 � r4

�� ð4RÞ (17)

s ðyiÞ corresponds to the y-coordinate and is numerically
calculated using the Newton Raphson method (Melvin and Lopez,
1991).

ε ðyiÞ¼s ðyiÞ
.
E þ ðs ðyiÞ=H’Þ1=n’ (18)

The yield conditions according to the size of the structural stress
components are similarly expressed in the original structural strain
method. The distribution of the stress and strain on the pipe section
in one-side-yield conditions is shown in Fig. 13. The structural
stress through linear analysis exceeds the elastic range of materials.
Thus, stress and strain redistribute to satisfy the equilibrium con-
ditions. The linear through-thickness deformation gradient
assumption is applied to the pipe section in the same way. The
structural strain range Dε is defined as the difference of the
maximum and minimum strain.

Dε¼ εmax � εmin (19)

Two-side-yield conditions are shown in Fig. 14.

Dspseudoss ¼ E � Dε (20)

An algorithm was developed using PYTHON to numerically
calculate the stress and strain profile that satisfy the equilibrium
conditions (Lee and Kim, 2018). Finally, the pseudo-structural stress
can be easily obtained by multiplying the structural strain range by
an elastic modulus, which is applied to the master SeN curve
through Eq. (2).

3.4. Comparison of the structural strain method according to elastic
perfectly plastic behavior and cyclic stress-strain behavior

A 4-point bending test with mechanical properties of actual
pipelines was assumed to compare the results of the structural
strain method according to the nonlinear behavior model. The cy-
clic stress-strain curve was compared to the monotonic tensile
properties under any identical loads that cause plastic deformation.

3.4.1. Mechanical properties of API X65 pipeline steel
API X65 pipeline steel was used to compare the fatigue behavior

in terms of the structural strain method according to monotonic
and cyclic material behavior. The monotonic and cyclic mechanical

properties of API 5L X65 (Olusegun and Robert, 2014) are sum-
marized in Table 2. The elastic-perfectly plastic behavior and cyclic
stress-strain curve are shown in Fig. 15. The figure shows that the
monotonic yield strength is higher than the cyclic yield strength.
Compared to the elastic-perfectly plastic behavior, with the cyclic
behavior, the material softens until ε ¼ 0:00968 and then hardens.

3.4.2. Comparison of the pseudo-structural stress range according
to elastic perfectly plastic behavior and cyclic material behavior

A 4-point bending condition for a girth-welded pipe was
assumed to compare the fatigue test results with nonlinear mate-
rial behavior, as shown in Fig. 16. The outer and inner radii are
57.15 mm and 51.15 mm, respectively. Bending stress was applied
by multiplying the monotonic yield strength by 0.9, 1, 1.1, 1.2, and
1.3.

Themembrane stress is zero due to the pure bending conditions.

Table 2
Mechanical properties of API 5L X65 pipeline steel (Olusegun and Robert, 2014).

Monotonic Cyclic

Young’s modulus, E, GPa 211.33 Cyclic yield strength, sY ’, MPa 420
Lower yield strength, sYL , MPa 516 Strength coefficient, H’, MPa 923
Ultimate tensile strength, su , MPa 614 Strain hardening exponent, n’ 0.118

Fig. 15. Monotonic and cyclic stress-strain curve of API 5L X65 pipeline steel.

Fig. 16. 4-point bending test.

Table 3
Applied bending stress range.

Applied stress ratio, sapplied=sY 0.9 1 1.1 1.2 1.3

Applied bending stress (MPa) 464.5 516 567.5 619 671
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The applied bending stresses are summarized in Table 3. After the
numerical calculation of the distribution of stress-strain profile
satisfying moment equilibrium with the applied bending stress to
Eq. (17), pseudo structural stress was obtained by multiplying the
strain range by the elastic modulus.

Figs. 17 and 18 present the stress and strain redistributed by
nonlinear material behavior corresponding to the applied stress
ratio. The blue dashed line indicates the elastic perfectly plastic
behavior, and the red line indicates the cyclic stress-strain behavior.
In the case of an applied stress ratio of 1, the stress with elastic-
perfectly plastic behavior is linearly elastic because the applied
bending stress is lower than the monotonic yield strength. That is,
the pseudo-structural stress is equal to the applied bending stress.
In contrast, the stress with cyclic stress-strain behavior is redis-
tributed as the applied bending stress exceeds its elastic range.
Thus, the pseudo-structural stress becomes higher than the applied
bending stress.

Fig. 18 shows that the structural strain range of the cyclic stress-
strain behavior is approximately twice the value of the elastic-

perfectly plastic behavior. Thus, there is a significant difference in
the results, even with the same applied load range, as cyclic
behavior is used instead of monotonic behavior. The results of the
structural strain method according to the nonlinear material
behavior are summarized in Tables 4 and 5.

Table 2 shows that the monotonic yield strength of the API 5L
X65 pipeline steel is about 100 MPa higher than the cyclic yield
strength. This means that the material is softened under cyclic
loads above the elastic range. The structural strain method using
monotonic tensile properties and cyclic material behavior in the
general elastic fatigue loads are almost equal because both follow
the same elastic modulus. However, if monotonic tensile properties
are used to the structural strain method in the low cycle fatigue
regime, it will be applied higher than the actual strength of mate-
rials with cyclic loading. Consequently, the structural strainmethod
using monotonic material behavior underestimates the pseudo-
structural stress. This result tends to predict much longer fatigue
life through the master SeN curve than expected. The cyclic
hardeningmaterial is the opposite case applied lower strength than

Fig. 17. Stress and strain distribution of applied stress ratio ¼ 1.

Fig. 18. Stress and strain distribution of applied stress ratio ¼ 1.3.
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actual material behavior to the structural strain method. The
structural strain method takes into account the plasticity that oc-
curs in the low cycle fatigue regime by redistributing the stress
according to the nonlinear material behavior. While monotonic
tensile properties can be effective in the fatigue assessment in the
range of loads in which elastic behavior dominates, improper se-
lection of nonlinear material behavior in the low cycle fatigue
regime can cause critical problems.

4. Experimental validation of girth-welded pipes considering
cyclic stress-strain behavior

4.1. 4-point bending test in the low-cycle fatigue regime

Scavuzzo (Scavuzzo et al., 1998) carried out a 4-point bending
test for full-scale girth-welded stainless steel pipes in a low-cycle
fatigue regime. Fatigue tests were performed under fully reversed
conditions (R¼�1) and displacement control. Details of the fatigue
tests are shown in Fig. 19 and Table 6. The fatigue test results and
the mechanical properties of 304 stainless steel are summarized in
Tables 7 and 8. The monotonic stress-strain curves are shown in
Fig. 20.

4.2. Cyclic stress-strain curve of 304 stainless steel

In this study, low-cycle fatigue tests of specimen units were
carried out with 304 stainless steel to obtain the cyclic stress-strain
curve, as shown in Fig. 21. Specimens weremanufactured according
to ASTM E606 in the form of a round bar. Themechanical properties
and chemical composition are summarized in Tables 9 and 10. Fa-
tigue tests were performed under fully reversed conditions (R ¼ �
1) and strain control, and the test conditions are summarized in
Table 11. Applied strain range respectively are 0.4%, 0.6%, 0.8%, 1%,
and 1.2%.

Fig. 22 shows the tensile peak stress along the cycle for each
strain amplitude. The cyclic stress-strain curve requires stabilized
hysteresis loops from different strain amplitudes. These hysteresis
loops are conventionally obtained to consider the approximately
stable behavior from near half of the fatigue life. However, 304
stainless steel presents cyclic-dependent hardening-softening-
hardening behavior, and then failure of the specimen occurs.

In the case of stainless steel, it is difficult to define the number of
cycles for stable behavior. Therefore, the cycles representing the

Fig. 19. 4-point bending tests of full-scale girth-welded pipes (Scavuzzo et al., 1998).

Table 6
Geometry of girth-welded pipes (Scavuzzo et al., 1998).

L (mm) a (mm) D (mm) t (mm)

1219 381 48.26 5.08

Table 7
Low-cycle fatigue test results of 304 stainless steel pipes (Scavuzzo et al., 1998).

No. Description Displacement range (inch) Applied force range (lbf) Failure cycles

1 SS-Welded 1.75 5214 595
2 SS-Welded 2.50 5756 195
3 SS-Welded 1.40 4962 1224
4 SS-Welded 2.00 5396 478
5 SS-Welded 2.25 5576 311

Table 8
Mechanical properties of 304 stainless steel (Scavuzzo et al., 1998).

Type Yield strength (MPa) Tensile strength (MPa) Young’s modulus (GPa)

304 Stainless steel 241 584 195.13

Table 4
Structural strain method results with elastic perfectly plastic behavior.

Applied stress ratio, sapplied= sY 0.9 1 1.1 1.2 1.3

Structural strain range 0.0044 0.0049 0.0054 0.0068 0.0122
Pseudo-structural stress range, MPa 929 1032 1153 1440 2569

Table 5
Structural strain method results with cyclic stress-strain behavior.

Applied stress ratio, sapplied= sY 0.9 1 1.1 1.2 1.3

Structural strain range 0.0056 0.0074 0.0102 0.0151 0.0234
Pseudo-structural stress range, MPa 1185 1560 2168 3197 4970
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minimum tensile peak stress of the softening part are selected as
the cycles of stable behavior in this study. Fig. 23 indicates the
hysteresis loops according to the strain amplitude and cyclic stress-
strain curve of 304 stainless steel. The Ramberg-Osgood relation-
ship is obtained from the tip values of hysteresis loops corre-
sponding to each strain amplitude.

4.3. Structural strain method results with monotonic and cyclic
material behavior

A low-cycle fatigue evaluation was performed based on the
structural strain method to validate the cyclic stress-strain
behavior. The bending stress was calculated by the simple
bending stress formula using the applied force range as shown
Table 7, and the stress concentration factor due to the discontinuity
of the welded joint was considered as 1.05 (Pei et al., 2019). The
membrane stress is zero due to the pure bending conditions.

sb ¼My=I (21)

M is the bending moment from the applied loads, and y is the
distance from the neutral axis. I is the moment of inertia.

Monotonic and cyclic stress-strain curves were applied to the
structural strain method, as shown in Fig. 24. The cyclic yield
strength is slightly higher than the monotonic yield strength.

Fig. 22. Tensile peak stress with cycles of 304 stainless steel.

Fig. 23. Hysteresis loops and cyclic stress-strain curve of 304 stainless steel.

Table 10
Chemical composition of 304 stainless steel, Unit: %.

C Si Mn P S Cr Ni Mo N Co Cu

0.02 0.44 1.66 0.033 0.001 18.32 8.05 0.12 0.072 0.21 0.25

Table 11
Low-cycle fatigue test conditions.

Strain amplitude (%) 0.4 0.6 0.8 1.0 1.2

Frequency (Hz) 0.625 0.416 0.312 0.25 0.208
Strain rate (s�1) 0.01 0.01 0.01 0.01 0.01

Fig. 20. Monotonic stress-strain curve of 304 stainless steel (Scavuzzo et al., 1998).

Fig. 21. Low-cycle fatigue test of 304 stainless steel.

Table 9
Mechanical properties of 304 stainless steel.

Yield strength (MPa) Tensile strength (MPa) Elastic modulus (GPa)

249 621 196
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However, due to the strain hardening effect, the cyclic stress-strain
curve is much higher than the monotonic stress-strain curve.

The fatigue evaluation results of the structural strainmethod are
shown in Fig. 25. With the monotonic stress-strain behavior, the
discrepancy from the mean master SeN curve is significant as the
applied load increases. This occurs becausemonotonic behavior has
limitations in properly describing the cyclic hardening effects of
materials. The load-displacement curve of fatigue tests from WRC
433 shows that the applied load increases with cycles and indicates
that 304 stainless steel has a cyclic hardening effect (Scavuzzo et al.,
1998).

For the specimen with failure cycles above 1000 cycles, the re-
sults are almost the same, regardless of the material nonlinear
behavior. This because the cyclic material behavior is almost equal
to the monotonic material behavior in the load range where elastic
behavior is dominant due to the elastic modulus. However, in the
load range having fatigue life under the 1000 cycles, monotonic and
cyclic material behavior indicate significant differences as the load
increases. When cyclic material behavior is considered in the
structural strain method, a stress profile as high as the hardened

effect than the monotonic stress-strain curve applies to the stress
redistribution. Accordingly, the structural strain range after stress
redistribution decreases, and the overestimated stress becomes
lower as shown in Fig. 25. The cyclic stress-strain behavior presents
a better correlation than monotonic material behavior, but it is
slightly lower than the mean master SeN curve. This occurs
because the tensile strength of the material used in this study is
approximately 40 MPa higher than that of the specimen of WRC
433, and the hardening effect higher than actual materials apply to
the structural strain method.

For the structural strain method, the stress distribution directly
applies to the equilibrium conditions, and the pseudo-structural
stress significantly varies as the stress and strain profiles are
redistributed. Thus, in the load range with significant plasticity of
the material, the stress distribution beyond the elastic behavior
considerably affects the results of the structural strain method. To
further validate the effectiveness of the cyclic stress-strain
behavior, additional low-cycle fatigue tests are required for mate-
rials indicating various cyclic behavior, such as cyclic hardening and
softening.

5. Discussion and conclusion

In this study, the cyclic stress-strain curve was applied to the
structural strain method to improve the shortcomings of using
monotonic material behavior. First of all, through the API 5L X65
pipeline steel having a cyclic softening effect, chapter 3.4.2 showed
that the results of the structural strain method noticeably vary
according to the applied nonlinear material behavior. In the low
cycle regime having the significant plasticity, structural strain
method using the monotonic material behavior underestimate
pseudo structural stress without cyclic softening effect. It can pre-
dict higher fatigue life than actual behavior and cause critical
problems.

For the 304 stainless steel, there was a significant difference
between monotonic and cyclic stress-strain curves. The structural
strain method based on monotonic material behavior over-
estimated the pseudo-structural stress as the applied load
increased. These results imply that the monotonic stress-strain
curve is insufficient to consider nonlinear material behavior un-
der cyclic loading in the low cycle fatigue regime.

In contrast, with the structural strain method considering cyclic
hardening effects, the overestimated stress considerably decreased
as the applied load increased. Also, it represented almost the same
result with the monotonic material behavior in fatigue life having
above 1000 cycles, and this means that the cyclic stress-strain curve
can equally apply to the load range in which elastic behavior is
dominant.

The structural strain method results based on cyclic material
behavior were slightly lower than the mean master SeN curve, but
the results are meaningful when considering that the tensile
strength of specimens applied to the cyclic stress-strain curve is
higher than those of specimens used by WRC 433. There is signif-
icant plastic deformation in the low-cycle fatigue regime, so the
nonlinear material behavior beyond the elastic range considerably
affects the results of the structural strain method.

The cyclic stress-strain curve is easily obtained from the low-
cycle fatigue of specimens and can reflect the applied tempera-
ture of an engineering structure. Monotonic behavior can be
effective to evaluate low-cycle fatigue for cyclic hardening mate-
rials if the monotonic behavior is almost the same as the cyclic
material behavior and the plasticity of the material is relatively
small. However, for a cyclic softening material, there can be a sig-
nificant difference, even in the range of relatively small load. Thus,
unless the fatigue test corresponds to these conditions, cyclic

Fig. 24. Monotonic and cyclic stress-strain curves of 304 stainless steel.

Fig. 25. Master SeN curve scatter band and fatigue evaluation results with the
structural strain method.
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material behavior should be considered in the structural strain
method. The low-cycle fatigue test data are smaller than the high-
cycle fatigue range. Thus, further study of the structural strain
method for various materials having cyclic hardening and softening
effects is required.
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