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Abstract

Abstract

The earthquake resistance of steel building structures depends on the energy dissipation
capacity of structural members. The energy dissipation capacity of steel members
subjected to cyclic loading is based on the deformation capacity of the steel materials. To
date, numerous studies have been conducted on the seismic performances of steel
structural frame, the deformation capacity of steel members and correlation between the
deformation capacities of structural frames and members. In verifying the safety margin
of earthquake-resistant buildings, it is important to evaluate their seismic performances
under the extremely severe earthquakes. In such a case, the critical part of the member
(associated with steel material behavior) is exposed to very large strain (that belongs to
extremely LCF regime). Conducting cyclic tests on the steel materials under large strain
to better understand their behaviors is crucial for determining the material's suitability for
high strain applications and seismic performance. However, conducting such cyclic
loading tests present lots of challenges, e.g. due to buckling.

This dissertation aims to investigate the low-cycle fatigue performances (LCF) of
various 400 N/mm? (SS400), 490 N/mm? (SM490A), 590 N/mm? (SA440C) structural
steels in the LCF and ECLCF regimes. First, the parametric studies were conducted
numerically and experimentally to obtain the optimal specimen shape for LCF tests
including very large strain amplitudes. The reduced section to diameter (Le/D) ratio and
radius of fillet to diameter (R/D) ratio of the specimen are deemed to have beneficial and
detrimental effects on the performance of the specimen. For example, large Le/D ratios
are good for tensile test but increase the slenderness ratio, making the material prone to

buckling under compression. Small R/D may cause stress concentration at the corner of

I-1



Abstract

R section. Nevertheless, the range of the appropriate specimen’s proportional ratios are
not known. Therefore, Le and R were used as the parameters to investigate the influences
of these ratios. Based on the analytical result, optimal proportional ratios used for large
strain tests were proposed. The validation of the proportional ratios were also verified
from the material tests and database from previous studies.

By using the appropriate specimen shape, cyclic loading tests were conducted on
structural steels with different grades which cover both small (2%) and large (12%) strain
amplitudes to investigate the LCF and ECLF performances of the structural steels. First,
the test parameters such as steel materials, strain amplitudes and loading conditions (i.e.,
tension-compression and compression-tension cyclic loadings) were introduced. Based
on the test results, the hysteretic curve when illustrated in the nominal and true stress-
strain curves were compared followed by the true stress-true strain curves of different
structural steels. It was found that the relationship of true stress and true strain is more
appropriate in expressing the hysteretic curves, given a wide range of large plastic strains.
The LCF performance of SS400 steel was compared with the previous study, and their
LCF performances showed a good linear relationship together. This signified the study’s
data is validated. The LCF performance with large plastic strain was investigated further,
considering the effects of steel lots, initial loading direction and steel grades. As a result,
the LCF and ELCF performances of the considered structural steels can be evaluated in a
unified manner up to about 10% strain. The LCF equation was then obtained using this
result. The deformation capacity up to the ultimate point Ny; of various structural steels is
also considered in addition to that up to fracture Nx. By defining the damage initiation
(onset of crack or neck) as the ultimate point, the deformation capacity up to ultimate

point of the considered structural steels (SS400, SM490A, SA440C) can be evaluated
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Abstract

using one Ny equation from 2% to 12% strains. From the variable amplitude cyclic tests,
the Nui equation was also confirmed to be validated under the seismic loads which are
typically the loading patterns consisting of more than one amplitude.

As an application of the materials’ evaluation equations, the LCF performance of steel
members is also discussed in Appendix 1. However, the purpose is not to precisely
evaluate a member based on the material's equation; rather, to demonstrate the
performance calculated by the material’s equation can be used as an indicator of the

desired performance of the member.
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Chapter 1 Motivation and Objective of the Research

1.1. Research background

The earthquake resistance of steel structural frame depends on the energy dissipation
capacity of structural members (e.g., steel beams, buckling-restrained braces). The energy
dissipation capacity of steel members subjected to cyclic loading is determined by the
deformation capacity of the steel materials. Fig. 1.1 illustrates the schematic correlation
between steel structural frame, steel members and steel materials.

To date, numerous studies have been conducted on the seismic performance of steel
structural frames e.g., [1.1-1.3], plastic deformation capacity of steel members e.g., [1.4—
1.7], and correlation between the deformation capacities of structural frames and
members e.g., [1.8, 1.9]. In verifying the safety margin of earthquake-resistant buildings,
it is important to evaluate their seismic performances under the extremely severe
earthquakes. In such a case, the critical part of the member (which is associated with the

behavior of the steel material) is subjected to extremely large strain amplitude.

Structural frame Steel Member Steel Material

1
(M. ____ Shear load1

Strain, ¢
<>

™

Stress

Strain

Fig. 1.1 Schematic relationship between steel structural frame, member and materials
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Chapter 1 Motivation and Objective of the Research

Conducting cyclic tests on the steel materials under large strain to better understand
their behaviors is crucial for determining the material's suitability for high strain
applications and seismic performance. However, performing such tests presents
numerous challenges, e.g., due to buckling. Therefore, there is still insufficient knowledge
of the cyclic deformation capacities of structural steel materials over a wide range of

amplitudes from small to large strains.

1.2. Literature review

Steel building structures are extensively used in high seismic zones. As steel is ductile,
these systems are considered to have sufficient strength as well as ductile behavior
themselves, which enable the structural components to resist intense lateral loads, such
as generated by strong earthquakes. Under this strong earthquake, steel members
susceptible to plasticity, i.e., beam ends, may fracture owing to low-cycle fatigue (LCF)
or extremely low-cycle fatigue (ELCF) [1.10, 1.11]. To date, research studies on the low-
cycle fatigue behaviors of structural steels have been extensively conducted, and various

life-prediction models have also been proposed.
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Review on LCF and ELCF life prediction models

In the case of steel materials subjected to cyclic loading in the axial direction with the
number of cycles to failure (Ny< 10* cycles), it is common to evaluate the deformation
performance up to fracture by employing the Manson—Coffin [1.12, 1.13] relationship,
which is the empirical formula of the LCF life when the specimen is subjected to cyclic
loading with constant strain amplitudes. However, it has been shown in previous studies
[1.14, 1.15] that log—log plot of test data deviate from the Manson—Coftin relationship at
larger strain amplitudes. Moreover, researchers [1.16, 1.17] who conducted studies on the
LCF behavior of low-carbon steel also observed the deviation from the Manson—Coffin
relationship at shorter life, i.e., for Ny< 10? cycles, that belong to the extremely low-cycle
fatigue (ELCF) regime. In some literatures e.g. [1.18, 1.19], the ELCF (also referred to
as ultra-low cycle fatigue) is defined with the number of cycles to fracture less than 20
cycles. Additionally, the study by Pereira et al. [1.20] who had conducted some cyclic
tests in an effort to investigate the ELCF behavior of structural steel has shown that the
Manson—Coffin relationship does not provide a satisfactory life prediction because it
predicts shorter life in this regime. In other words, it can be concluded that the Manson-
Coffin model can be only suitable for the LCF regime [1.14-1.17, 1.20—1.23]. This is
because the fracture mechanism of steel materials subject to LCF is different from that
subject to ELCF [1.24, 1.25], and thus, the prediction method used with LCF cannot be
appropriate for ELCF.

To cope with the discrepancy of the aforementioned model, many extensive research
studies [1.21-1.23] have been conducted to propose a method to predict the ELCF life
subject to extreme load conditions or very large strains. Kuroda et al. [1.21] proposed a

cumulative damage model based on the damage induced by ductility exhaustion and crack
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propagation. The model was reported to exhibit a good agreement with test data of
annealed low-carbon steel of S20C in extremely low-cycle fatigue regimes. Tateishi et al.
[1.22] devised a new ELCF prediction model based on the concept of the damage
mechanism, and the model was also validated with the test data from base and weld
materials. Conversely, Nip et al. [1.23] who had conducted ELCF tests on structural low-
carbon steel with a limited range of strain amplitudes—in which the chemical
compositions are different from those employed in the literatures [1.21, 1.22]—has
indicated that the Kuroda and Tateishi models do not show good correspondence with the
test data in a broad range from LCF to ELCF, and could not accurately predict the results
of tensile tests and at smaller strain amplitudes. This emphasizes a clear need to
experimentally investigate the cyclic deformation capacity (herein, strain-life curve) of
steel materials in a broader range of strain amplitudes from the LCF to ELCF regimes in

a continuous manner.

Review on challenge in conducting LCF and ELCF tests

Nonetheless, thus far, limited test data exist on the stress—strain hysteretic curve and
life of structural steel that is plastically deformed when subjected to extremely large cyclic
strains. One of the possible reasons for the lack of these types of experimental studies
could be attributed to the design of a test specimen that can avoid stress concentrations at
the edge of the effective length section and at the same time can also prevent premature
buckling until it reaches fracture when it is subjected to large compressive strain.
Furthermore, it has been reported in previous studies [1.26—1.28] that only a limited range
of strain-based cyclic test could be conducted owing to the restrictions on the test

apparatus. Additionally, to conduct strain-based cyclic test subject to larger compressive
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Chapter 1 Motivation and Objective of the Research

strains, two different specimen shapes were used in the previous studies [1.20, 1.28] to
reduce instability and buckling. Regardless of the challenge, similar efforts have also been
expended by other researchers to investigate the ELCF behavior of structural steels to
acquire test data in this regime [1.20, 1.26—1.30]. In these studies, the cyclic tests with
strain amplitudes (half amplitude, ¢) up to approximately 7% were conducted.
Accordingly, the strain-life curve was reported to be linear [1.20, 1.26—1.29]. However,
subject to intense lateral loads, such as those generated by severe earthquakes, steel
members may undergo large-strain amplitudes [1.31-1.35] and fracture after an
extremely low number of cycles (in the order of 10 cycles) which this fracture could be
classified in ELCF [1.18,1.36-1.38]. Besides, the experimental investigations by
researchers [1.39—1.41] after the great Hanshin-Awaji earthquake in 1995 have indicated
that steel members may undergo strain amplitudes of the order of 8% or larger during the
earthquake, which is clearly larger than the existing (strain amplitudes up to
approximately 7%) ELCF database. Also, the equivalent axial strain of the shear damper
may reach 9.2%, according to a recent study by He et al. [1.42]. In other words, prior
studies of the ELCF behaviors of structural steel at even larger strain amplitudes (> 8%)
have been limited (schematically illustrated in Fig. 1.6).

Hawileh et al. [1.43, 1.44] experimentally examined the plastic deformation of the
different steel bars subjected to cyclic tests with peak strains up to 8%. The study in [1.43]
shows that the deformation capacities of ASTM A706 and A615 carbon steels are similar.
While the study in [1.44] indicates that ASTM A36 and AISI 1117 outperformed the
others (AISI 8620, 1018, 1045, 1215, 4140) at 3% and 4%. Liu et al. [1.45] studied the
plastic deformation capacities of Q235B and Q345B steels and their butt-welded joints

with strains up to 16% and compressive strain is kept as 1%. It should be noticed that the
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Chapter 1 Motivation and Objective of the Research

Ae Fe4———4———4—— 94— —————— - Tensile

Fig. 1.2 Constant amplitude loading history with 0% compressive strain

e

1%___V___ —_— ——v———!——-Compressmn

Fig. 1.3 Constant amplitude loading history with 1% compressive strain

Z““A AM/
YV

epP—L—-—-r--1r___1 — — - Compression

Fig. 1.4 Constant amplitude loading history with fully reversed strain

Radius of fillet R

Digmeter D (of reducgd section)i

S —

Reduced section Le (also known as effective length or test section)

Fig. 1.5 Schematic specimen shape
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Chapter 1 Motivation and Objective of the Research

studies [1.43—1.45] considered the peak strains up to 8% and 16% but the compressive
strain is restrained as zero and 1%, as shown in Figs. 1.2 and 1.3 respectively, to prevent
the buckling of the specimen (i.e., half-amplitude strain & ~ +8%). Considering the fully
reversed tensile and compressive strain, Tateishi et al. [1.22] conducted cyclic tests with
strains up to £7.5% by using a newly developed testing system reported in [1.41], in
which specimens were subjected to bending deformation. Besides, in an attempt to enable
the fully reversed uniaxial loadings (Fig. 1.4), Nip et al. [1.23] and Weigand et al. [1.46]
conducted cyclic tests on the specimens with rectangular cross section up to strains of
+7% and +£8%, respectively, by adding the guide plate surrounding the specimen to
restrain against compressive buckling. Without the aid of the buckling-restrained guide
plate, Dusicka et al. [1.47] used specimens with round cross section to conduct uniaxial
cyclic tests with strains up to 7% by changing the reduced-section-to-diameter Le/D
(refer to Fig. 1.5 for location) ratios of 2.0 recommended by ASTM E606 [1.48] to 1.25
to minimize the compressive buckling. Moreover, by employing the small reduced-
section-to-diameter Le/D ratios of 1.17 and 1.13, recent experimental studies [1.49, 1.50]
on the deformation capacities of (Q235, Q345) carbon steels subjected to uniaxial cyclic
loadings can be tested with large strain amplitudes extended up to £9%. It is clearly seen
that the experimental investigations of the structural steels under large strain amplitudes
(currently at +9% or smaller) have been drawing much interest in recent years.
Nevertheless, there is still insufficient knowledge of the cyclic deformation capacity of
such steels over a wide range of amplitudes from small to larger strains (> £9%),).
Therefore, the cyclic deformation capacities of various structural steels that ranged from

LCF to ELCF regimes in a continuous manner have not been modeled comprehensively.
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1.3. Objective of this study

The main objective of this study is to experimentally investigate the low cycle fatigue
performances of the 400 N/mm? (SS400), 490 N/mm? (SM490A), 590 N/mm? (S440C)
grade structural steels, specifically focus on the ELCF (strain amplitudes > 8%) regime
but in a continuous manner from LCF to ELCF regimes (as illustrated in Fig. 1.6) to
provide a qualitative database for further researches. To enable the LCF test including
large strains, first the parametric studies were conducted numerically and experimentally
to obtain the optimal specimen shape for lage strain cyclic loadings. Using the specimen
shape, the cyclic tests were performed on various strucural steels with strain amplitudes
ranged from 2% to 12% which cover LCF and inlcuding very large plastic strain
(Extremely LCF). Based on the results, the effect of steel materials on LCF performance
was elucidated. As an application of the materials’ evaluation equations, the LCF
performance of steel members is also discussed in Appendix 1. However, the purpose is
not to precisely evaluate a member based on the material's equation; rather, to demonstrate
the performance calculated by the material’s equation can be used as a benchmark for the

performance which the members should aim for.
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Strain, ¢

/

\

8% or larger strains occur under strong

earthquake [1.39-1.41].
He et al. [1.42] reported axial strain~9.2%

e>9% '/

Unknown?
e <9%
""""""""""""""" Existing LCF data on
structural steels
outside of Japan
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<€ >

~

7

Number of cycles to fracture, Ny

Fig. 1.6 Schematic LCF curve of current limited data and scope of the study
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1.4. Structure of dissertation

This dissertation consists of 3 chapters, and method for LCF tests (refer to cyclic
loading tests with constant strain amplitudes) including large strain amplitude, LCF and
ELCF performances of various structural steels considering the effect of initial loading
directions and steel lots. The contents and key features in each chapter are outlined as

follows.

Chapter 2: The main objective of this chapter is to obtain appropriate specimen shape
used for LCF and ELCEF tests. The parametric studies were conducted numerically and
experimentally to obtain the optimal specimen shape for LCF tests including large strain
amplitudes. The reduced section to diameter (Le/D refer to Fig. 1.5 for location) ratio and
radius of fillet to diameter (R/D) ratio of the specimen are deemed to have beneficial and
detrimental effects on the performance of the specimen. For example, large Le/D ratios
are good for tensile test but increase the slenderness ratio, making the material prone to
out-of-plane deformation unuder compression. Small R/D may cause stress concentration
at the corner of R section. Nevertheless, the range of the appropriate specimen’s
proportional ratios are not known. Therefore, Le and R are used as the parameters to
investigate the influences of these ratios. Based on the analytical result, optimal
proportional ratios used for large strain tests were proposed. The validation of the
proportional ratios were also verified from the material tests and database from the

previous studies.

Chapter 3: The objective is to investigate the LCF and ELCF performances of structural

steels with different strengths. By using appropriate specimen shape discussed in Chapter
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Chapter 1 Motivation and Objective of the Research

2, cyclic loading tests were conducted on structural steels with different grades which
cover both small (2%) and large (12%) strain amplitudes. First, the test parameters such
as steel materials, strain amplitudes and loading conditions are introduced. Based on the
test results, the hysteretic curve when illustrated in the nominal stress-strain and true
stress-strain curves are compared followed by the true stress-true strain curves of different
structural steels. Then, the LCF performance of SS400 steel is compared with previous
result to validate this study’s test data. After validation, the LCF performance with large
plastic strains is investigated further, taking the effects of the steel lots and initial loading
direction (tension-compression and compression-tension cyclic loadings) into account.
Consequently, the effect of the different structural steels on LCF performance was also
examined. In addition to that up to fracture, the deformation capacity of steel materials
up to the ultimate point is also investigated. The equation for evaluating the deformation
capacity up to the ultimate point is proposed and validated using the result from variable

amplitude cyclic loading tests.

Chapter 4: The main conclusion discussed throughout Chapters 2 and 3 will be

summarized. Lastly, the limitation and suggested future studies are introduced.
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2.1. Introduction

When experiencing a large earthquake, the structural steel material (which controls the
performance of the structural members) is subjected to large plastic strain [2.1, 2.2].
Conducting cyclic tests on the steel materials under large strain to better understand their
behaviors is crucial for determining the material's suitability for high strain applications
and seismic performance. However, performing such loading tests presents numerous
challenges, e.g., due to buckling [2.3, 2.4].

To mitigate buckling of flat cross-section specimens tested under large strain cyclic
loadings, buckling-restrained devices have been used in previous studies, e.g. [2.5-2.9].
When compared to round cross-section, flat specimens are thought to have less buckling
resistance. Therefore, most studies employed round cross-section specimens cut from
steel plates for the large strain cyclic loading tests.

In case of round specimens subjected to cyclic loading tests, standard practice for
strain-controlled fatigue testing ASTM E606 [2.10] suggest a minimum reduced section
to diameter Le/D ratio of 2.0. However, it has been reported that the ASTM E606
standard's recommended ratios must be modified to prevent plastic buckling under high
compressive strain [2.11, 2.12]. For example, Dusicka et al. [2.12] discovered that
buckling became more prominent at about 6% compressive strain (half amplitude) after
a few tests with incremental amplitude cyclic loading using the recommended Le/D ratio.
After changing the ratio to 1.25 and using radius of fillet to diameter R/D ratio of 2.0, the
cyclic tests up to 7% could be performed. By using the specimens with the same Le/D
ratio (1.25) but smaller R/D (=1.1 in [2.13], and =1.6 in [2.14]), the cyclic tests could be
conducted up to 8%. Moreover, by employing the small Le/D ratios of 1.17 and 1.13, the

cyclic loadings can be tested with large strain amplitudes extended up to 9% [2.15-2.17].
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This suggests that not only the reduced section to diameter ratio (Le/D) but other
proportional relationships, i.e., radius of fillet as well as the diameter of the gripping
sections to diameter ratios, also have beneficial and detrimental effects on the specimen's
performance.

These studies demonstrate that carrying out cyclic tests under large strain amplitudes
without buckling presents numerous challenges. Rather than using standard test
specimens, the ratios recommended by the standards had to be modified to determine the
specimen shapes subjected to large strain. Besides, it is assumed that the Le/D ratio was
set to 2.0 by ASTM E606 [2.10] with a margin such that the restricted area of the fillet
section and the local elongation in the reduced section do not interfere with each other,
thereby allowing stress to spread evenly at the Le. This means that Le/D ratios less than
2.0 may improve the buckling resistance while it may also have adverse effect, e.g. on the
stress distribution which is difficult to observe in the tests. In addition to Le/D, the
appropriate ratios of R/D and Dg/D should be strictly maintained to improve the buckling
resistance of the specimen and to avoid the stress concentration which may arise at
sections (from R to Le) where the cross-sectional area suddenly changes. However, the
effect of these ratios on the buckling resistance and stress distribution of the specimen
tested under large strains has not been thoroughly investigated thus far.

Given that the majority of previous studies have primarily focused on the effects of
reduced section to diameter ratio, the effects of other proportional ratios (such as grip
section, radius of fillet, reduced section to diameter) on the performances of specimens
subjected to large strain will be also examined in this study. Since the stress distribution
is difficult to observe in the tests, finite element analysis (FEA) will be also performed to

investigate the influences of the specimen’s proportional ratios on stress and strain
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distributions, neck, as well as buckling restraint. The primary goal is to determine optimal
proportional ratios of the specimen for large amplitude tests. The findings of the study
could lead to more numerical and experimental research on the steel materials (governing
structural member performance) subjected to large plastic strain in order to improve

understanding of seismic performance.
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2.2. Analytical methods

2.2.1 Objective

To obtain optimal proportional ratios (Le/D, R/D) of round specimens subjected to both
small and large strain tests considering the effect on strain as well as stress distributions,
necking and buckling resistance.

2.2.2 Analytical parameters

The reduced section to diameter (Le/D) and radius of fillet to diameter (R/D) are
deemed to have beneficial and detrimental effects on the performances of the specimen
(see Fig. 2.2 for location of Le, D, R). As buckling due to compression is not of concern,
ISO 6892-1 [2.18], ASTM E8/E&M [2.19], JIS Z 2201 [2.20] recommend R/D ratio with
a minimum of 0.75, 0.8, 1.0 and Le/D ratio with a minimum of 5.5, 4.0 and 4.0,
respectively, for the tensile specimens with round cross-sections. Large Le/D ratios are
generally employed for a tensile specimen to assure the uniform stress distribution,
necking, as well as fracture inside the reduced section.

Since buckling under compression concerns, standard practice for strain-controlled
fatigue testing ASTM E606 [2.6] suggests a minimum Le/D ratio of 2.0 for round cross-
section specimen. It is considered that Le/D ratio was set to 2.0 with a margin so that the
restricted area of the R part and the local elongation do not interfere with each other, and
therefore it allows stress to distribute freely throughout the reduced section. However,
previous studies [2.11, 2.12] have indicated that the Le/D ratio should be reduced lower
than the limit (minimum of 2.0) recommended by ASTM E606 [2.10] in order to conduct
the cyclic loadings under large compressive strain. In addition to Le/D, R/D ratio may
also influence the buckling resistance. For example, a low R/D ratio may improve the

buckling resistance. Large R/D, on the other hand, is not ideal for high compressive strains,
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as it increases the slenderness ratio to some extent and may contribute to premature
buckling.

Nevertheless, the range of the appropriate specimen’s proportional ratios (Le/D and
R/D) are not known. In this study, Le and R are used as the parameters to investigate the
influences of these ratios. According to the survey by previous study [2.21] as shown in
Fig. 2.1, specimens with various Le/D (0.5 ~ 4.0) ratios were employed for the low-cycle
fatigue tests. When testing under strain greater than 1%, specimens with ratios less than
the ASTM E606 recommended value were mostly used to avoid buckling (Fig. 2.1).
Besides, the effect of R/D was not elucidated. In this study, the Le/D ratio is reduced up
to 0.25 to examine its influences over a broader range. To investigate the effect of R/D,
the ratio is changed from 0.36 (narrow rounded edge at R) to 3.0 (large rounded edge at
R), which also covers those recommended by the standards for the tensile tests [18—20].
Table 1 tabulates the analytical parameters, Le/D and R/D (hereafter, proportional ratios)
considered in this study. Diameter of reduced section D, diameter of gripping section Dg,
and overall length L are set as 17mm, 30mm, and 160mm, respectively (Fig. 2.2). It
should be noted the specimen shape considered in this study is limited to the uniform-

gage test section as shown in Fig. 2.2.
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2.2.3 Analytical model

To investigate the effect of the specimen’s proportional ratios, numerical analyses are
performed on various specimen shapes imposed with tensile and compressive
displacements. Revolution of solid element with element type of C3D8R (: An 8-node
linear brick, reduced integration, hourglass control) is modelled using Abaqus/CAE 2021.
Analytical model including section parameters (Le, R, D, Dg) and mesh sizes are shown
in Fig. 2.2. In this study, only the results of the Z-plane view cut without gripping sections
will be illustrated to examine what happens inside the specimen (although the complete
model is analyzed). The specimen is fixed at the bottom, and the axial displacement is
imposed at another top end to simulate the real test setup. The Poisson ratio of 0.3, Young
modulus of 205000 N/mm? and true stress - plastic true strain of 400 N/mm? grade
structural steel (Fig. 2.3) are input as the material property.

Since it is difficult to conduct the test under ideal conditions, initial imperfections in
practice are unavoidable. Therefore, the initial imperfection is also included in the
analytical model. Buckling analyses are first performed, and the obtained Eigenmode or
buckling mode is used to introduce the initial imperfection in the main analytical models.
The scale factor of the initial imperfection is taken as 0.1% of the overall length of the
specimen (i.e., L/1000) which is in accordance with the ANSI/AISC 360-16 [2.22] for
structural steel buildings for global imperfection (i.e., out-of-plane deformation, out-of-

straightness of the column).
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Numbers

cycle fatigue test (reprinted from [2.21]), effect of R/D was not examined

Table 1. Analytical parameters in this study (D = 17 mm)

30 r
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ASTM E606’s
recommended ratio

[ ] i
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Fig. 2.1 Survey of specimens with different Le/D ratios used for low-

5

-
2.0

2.5

Le/D ratio

3.0

3.5

=
4.0

Le/D 025 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0
036 036 036 036 036 036 036 036 0.36
0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
075 075 075 075 075 075 075 075 0.75
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

R/D
1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
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2.3. Analytical results

2.3.1 Influence on strain and stress distributions

To examine the effects on the strain and stress distributions, the representative contours
of different Le/D ratios when R/D = 2.0 and different R/D ratios when Le/D = 2.0 at yield
strain and 6% true axial strain under tension or compression are illustrated in Figs. 2.4
and 2.5.

It is observed that the specimen with Le/D=4.0 already buckled at -6% true axial strain
owing to its high Le/D ratio. Figs. 2.4 and 2.5 also show that for specimens with Le/D >
0.25 (except for Le/D=4.0 at -6%) and R/D > 0.36, the strain concentrates and stress
spreads almost uniformly inside the reduced section Le. It should be noted that the
asymmetric strain distribution is contributed by the initial imperfection. Besides, as
shown in Fig. 2.5 the reduction in cross-section is also observed at the corner (R section)
for the specimen with R/D=0.36 under compressive strain which may affect the
deformation capacity under cyclic loadings. Nevertheless, the reduction in cross-section

seems to be less significant when R/D > (.75.

2-11



Chapter 2 Determination of optimal round specimens under small and large tensile and compressive strains

5, Mises S, Mises S, Mises

(Avg: 75%) (Avg: 75%) (Awg: 75%)
309.242 462.6898 - 14 470,238
‘.A" 587.965 h y 430422 ! 435.569
266,689 ggéi?g / 406,200
245.412 " . 375,232
— 224,136 | —— 332.995 —t 343.563
| | 202.859 ' g 300.519 | § 311,895
- | ig1.582 | | 268.043 | | 280.226
. - 235.567 - 248,557

— 160.306
135028 — 203.092 p— 216889
117752 170615 ‘ 185.220
_ 96,476 138.140 / \ 153551
S, 75159 y 105.664 —, 131,833

53.922 73.188 o 90.214

Le/D=0.25 at yield Le/D=0.25 at 6% true axial strain  Le/D=0.25 at -6% true axial strain

»

&, Mises u..__—-y' S, Mises \‘-_“ 5, Mises
[Awg: 75%) thug: 75%) (Awg: 75%)
306.802 444,643 449,377
285.477 413,298 418.810
______ 264.153 381.953 388.243
242.828 350.609 357.677
221.504 319.264 327.110
Le 200.179 257.919 296.543
172.855 256.575 265.976
______ 157.530 225.230 235.409
ﬁ’i%g? B | 193.885 204.843
I ——] | 162541 174276
J ?ggg; ; \ 131,196 %gzgg
\ . 99,851 .
,v 50,508 — 63.507 92,576
A A A 'Y A T

Le/D=1.0 at yield Le/D=1.0 at 6% true axial strain Le/D:1.0 at -6% true axial strain

w S, Mises U S, Mises S, Mises

7 [Avg: 75%:) / (Avg: 75%) (Avg: 75%)
306.149 [ 435,524 529.214
284.881 404,613 487.523
263.613 374.102 446,431
242,345 343391 405.040
221.077 312.680 363.648
199,809 251.069 3221557
178541 251.258 280.865
157.273 220.547 232.474
136,005 189.536 195.082
114737 159,125 156.691
93.469 128,414 115253
72.201 o7.703 73.908
50.933 £6.902 32,516
\
AR A

Le/D=4.0 at yield Le/D=4.0 at 6% true axial strain Le/D=4.0 at -6% true axial strain

Fig. 2.4 Strain and stress distributions of specimens with different Le/D (R/D=2.0)

2-12



Chapter 2 Determination of optimal round specimens under small and large tensile and compressive strains

Reduction in cross-section
—v'_V_S, Mizes VS Mises

== (Avg: 75%) (Avg: 75%)

453,603 E ; ! ;
283,807 419,467
260,375 385.331
236.944 351,195
Le 213,513 317.059
190.081 282,923
166.650 248,787
143,219 214651
119,787 180515
96.356 146.379
72924 112,243

S Mises

(Avg: 75%)
469,930
435,490
401,050
366610
332170

78.107
43,971

91.092
56,652

R e . S

R/D=0.36 at yield R/D=0.36 at 6% true axial strain R/D=0.36 at -6% true axial strain

S, Mises

- i S F—
(Avg: 75%) { (Avg: 75%)
306. 852 ;\-—J 451,639 | A
284.567 418,992
262.281 386.345
239,996 353.698
217.710 321.051
195.425 288.404
173.139 255757
150.853 223.110
128.568 190.463
106,282 157.816 ‘
83,997 125,169
61711 92,522 1 d
e a o
oo i N———rs

R/D=0.75 at yield R/D=0.75 at 6% true axial strain R/D=0.75 at -6% true axial strain
451.413
404,950

S, Mises W W

(Avg: 75%) /
305,675 !
285.015 421,091
264,355 374,878 390.770
243.695 344.806 360,448
223.035 314735 330,126
202,376 284.663 299,805
181,716 254,591 269,483
161.056 224,519 239.161
140,396 194,448 208.840
119.736 164.376 178.518
99.076 134.304 148,196
78417 104.232 117 875
57.757 74,161

R/D=3.0 at yield R/D=3.0 at 6% true axial strain R/D 0 at -6% true axial strain

S, Mises

(Avg: 75%)
457.006
424.986
392.966
360.947
328.927
296,907
264,888
232,868
200,849
168,829
136.809
104,790
72.770

S, Mises
(Avg: 75%)

S, Mises
(Avg 75%)
435, 022

Il-lI

Fig. 2.5 Strain and stress distributions of specimens with different R/D (Le/D=2.0)
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2.3.2 Influence on neck

This section investigates the effect on the neck of various proportional ratios. Previous
studies, e.g., [2.23, 2.24] have indicated that specimens tested cyclically under large
strains (3% or greater) tend to appear neck before fracture. In case of using specimen with
short reduced section Le to expect high buckling resistance, there may be insufficient
region for neck to fully form which may affect the plastic deformation capacity. So, it
should be confirmed to what extent the Le can be shortened without affecting the
localization of plastic strain (i.e., necking).

Fig. 2.6 depicts the necking configuration (shown with stress distribution) of
representative specimens with varying Le/D and R/D at 75% reduction in area (%RA).
This percentage was chosen in accordance with the previous report [2.25], which stated
that the reduction in area of round specimens is typically between 75% and 80%. Ln in
this figure indicates neck length. From Fig. 2.6, it is observed that the specimens with
Le/D <2 have symmetric neck region inside the reduced section Le.

Fig. 2.7 shows the relationship between neck length to reduced section (Ln/Le) ratio
and reduced section to diameter (Le/D) ratio at different R/D. Here, Ln/Le greater than
unity means that the neck length Ln is longer than the reduced section, indicating that
necking region extend to the R section. This may affect the deformation capacity.

From Figs. 2.6 and 2.7, when Le/D > 1.0, neck can fully form inside the reduced section
(since Ln/Le < 1), regardless of R/D. This could be the reason the ASTM E606 [2.6] and
the tensile test standards [2.18-2.20] recommend the minimum Le/D ratios of 2.0 and 4.0,
respectively. However, when Le/D < 1.0, neck length is longer than the reduced section
(Ln/Le > 1). This finding is also consistent with Matic et al. [2.26], who indicated that

Le/D must be 1.0 or greater in order for neck to fully develop inside the Le section.
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Besides, it is also observed neck length tends to increase with the increase in R/D. The

trend, on other hand, is less significant when Le/D > 1.0.

Neck is
symmetric
inside Le

Le/D=0.5
R/D=3

&

Neck is
symmetric
Neck is inside Le
symmetric -
inside Le

Center of
specimen

Ln

Le/D=1 & Le/D=2 & Le/D=25 & Le/D=3 &
R/D=3 R/D=3 R/D=0.36 R/D=0.36

Fig. 2.6 Necking configuration (shown with stress distribution) of specimens with
different Le/D and R/D ratios (D = 17 mm, Le: reduced section, Ln: neck length)

Neck length to redeuced section ratio, Ln/Le

25

15

0.5

[ @R/D=3
Ln > Le, neck cannot _
R @O R/D=15
L ® fully form inside Le
L ®R/D=0.75
®R/D=0.36
- . .
° Neck length Ln = reduced section Le

Le/D

Fig. 2.7 Relationship between Ln/Le and Le/D
(D=17mm, R/D =0.36, 0.75, 1.5, 3)
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2.3.3 Influence on buckling resistance

To examine the influence of the Le/D ratio on buckling resistance, the relationship
between true axial strain at buckling and Le/D (with R/D of 0.36, 0.75, 1.5 and 3.0) is
shown in Fig. 2.8. It is noticed that strain at buckling decreases as the Le/D ratio becomes
higher. The buckling resistance, on the other hand, tends to be excellent when Le/D < 2.0.
This trend is in accordance with the previous studies [2.11,2.12,2.21], which stated the
ratio should be reduced lower than the limit (minimum of 2.0) recommended by ASTM
E606 [2.10] in order to improve the buckling resistance.

This figure shows that specimens with larger R/D ratio tend to have lower buckling
resistance. This is because large R contributes to large transitional region from R to Le
section, resulting in high slenderness ratios and easy buckling. On the other hand,
specimens with smaller R/D ratios tend to have higher buckling resistance. However, this
small R may lead to reduction in cross-section (Fig. 2.4 for R/D=0.36 specimen) which
may affect the cyclic deformation capacity. Therefore, this ratio should be 0.75 or larger
to avoid reduction in cross-section at R. Besides, the relationship between Le/D and R/D
at different strains (without buckling) is shown in Fig. 2.9. Specimens with lower Le/D
and R/D ratios than the desired limit line can be tested at higher strains without buckling.
It should be noted the limit lines are obtained from linear interpolation of the current

available data.
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2.4. Optimal proportional ratios

2.4.1 Optimal proportional ratios

The main objective of this section is to determine the optimal proportional ratios of
specimens subjected to both small and large strain tests based on parameters considered
in this study. The results in Section 2.3.1 indicate the stress distributes almost uniformly
and strain concentrates inside the reduced section Le when Le/D > 0.25 and R/D > 0.36.
Moreover, when Le/D < 2.0 buckling resistance is good (Section 2.3.3), and when 1.0 <
Le/D < 2.5 symmetric neck fully forms inside the reduced section, regardless of R/D
(Section 2.3.2). By lowering the R/D ratio, the improvement of buckling resistance is
confirmed (Section 2.3.3). However, the small ratio may also lead to reduction in cross-
section at R under compressive strain which may affect the cyclic deformation capacity
(Section 2.3.1). Therefore, this R/D ratio should be 0.75 or larger to avoid reduction in
cross-section at R and simultaneously enhance the buckling performance.

Fig. 2.10 illustrates the optimal ratios of R/D and Le/D. The ratios of the specimens can
be determined based on the target strains to be tested using the limit line of 9% strains
without buckling. Since the specimen that can be tested under large strain is desired in
this study, only the limit line of 9% strain is presented in the figure. It should be noted
specimens with Le/D and R/D ratios lower than the desired limit line can be tested at

higher strains without buckling.
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2.4.2 Validation of the proposed ratios
2.4.2.1 Material tests
To validate the proposed proportional ratios, cyclic tests on different specimen shapes
were conducted. The specimens were machined from the 400 N/mm? grade steel plate
followed the rolling direction into round coupons with the dimensions as shown in Table
2.2. These specimen shapes were chosen in such a way that it satisfies and fails to satisfy

the proposed ratios.

To measure the axial strain of specimens, two strain gauges and an electronic
extensometer with gauge length of Le were employed as shown in Fig. 2.11. Nominal
stress was calculated by dividing the axial force measured by the load cell by the area of
the reduced section's original cross-section. The nominal strain was calculated by dividing
the reduced section's axial deformation by its original length. True stress ( o) and true
strain ( ,&) were calculated from the nominal stress (,,0) and nominal strain ( &) results
under the assumption of a constant volume of the reduced section, and these parameters
can be derived using Egs. 2.1 and 2.2. The calibration coefficients of extensometer and

load cells are 0.000558 (mm) and 500/50000 (kN), respectively.

t0 = po(1+ ,¢) (2.1)

€ =In(1+ ,¢) (2.2)

To reproduce the test result and validate the analytical method, FEA with Abaqus was
also performed on these specimens, using the same analytical method described in
Section 2.2. In Table 2.2, true axial strains at buckling of specimen from the analytical

results are determined in such a way that the nominal strain ,& or the axial elongation
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calculated from four controlling points (e.g. red dot marks in Fig. 2.13) at the edge of Le
section and converted to true strain ;& using Eq. (2.2). Therefore, this strain corresponds
to that measured in the test by the extensometer. The results in Table 2.2 indicate that for
the same Le/D, specimens with lower R/D have higher buckling resistances. However,
cracks as shown in Fig. 2.16 were also observed on Type B specimens (with low R/D)
tested under 2% constant strain cyclic loading. These results are in line with the discussion
in Section 2.4.1, which stated that a lower R/D ratio tends to enhance the buckling

resistance, but a minimum of 0.75 should be used.

2.4.2.2 Validation of the FEA model

Nominal stress and nominal strain curves of Type A, B, C, D, F, G specimens obtained
from monotonic tensile test and analytical results are shown in Fig. 2.13. Also, the
comparison of cyclic tests and analytical results are illustrated in Fig. 2.14. Table 2.3 lists
the kinematic hardening and isotropic hardening parameters used for cyclic analysis in
Abaqus. These figures show that overall Abaqus can well reproduce the stress — strain
curves if compared to the test result. Furthermore, Table 2.2 indicates that the strains at
buckling obtained from the test and analysis are found to be in good agreement. Also, the
comparison of buckling configurations in Fig. 2.12 suggests that Abaqus can reproduce
the result well. Therefore, the analytical model and results are said to be validated. (For

further discussion on influences of element types and mesh sizes, refer to Appendix 4).

2.4.2.3 Validation of the proposed ratios and limit strains

2.4.2.3.1 Effect of initial imperfection on monotonic compression and cyclic loadings
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The specimen under monotonic compression is thought to be more prone to buckling
than the specimen under (tension-compression and compression-tension) cyclic loadings.
This is because the specimen under cyclic loading is compressed with smaller
imperfections due to the tensile strain applied to the specimens, which may help reduce
the imperfection. To investigate the influences of initial imperfection, Type A and B were
employed to perform analyses with monotonic compression and tension-compression
cyclic loadings. Data of Type G is also used as input for Type A and B specimens to
investigate the effect of stress-strain relationship. Despite the minor differences due to the
effect of stress-strain curves, the analytical results in Fig. 2.15 show that tension-
compression is less likely to buckle than monotonic compression. In this regard, it can be
said that pulling the specimen may have the effect of reducing the initial imperfection.
This also implies that monotonic compression analyses can be used to reasonably
investigate the optimal proportional ratios for large amplitude cyclic tests. To demonstrate
this, the proposed ratios are compared in the following section to the analytical and test
results obtained from the cyclic loadings.

2.4.2.3.2 Comparison with cyclic loadings

To validate the limit strain line and proposed ratios, the specimens with different
geometries from previous studies [2.12-2.16, 2.24, 2.27] are also employed for
comparison. Specimens’ proportional ratios from previous studies are listed in Table 2.4.
Fig. 2.17 shows the comparison of specimen with different proportional ratios. The (@,
m, o) marks indicate the results of previous studies, this study and analyses. The red marks
in Fig. 2.17 are lower than the limit strain line, but it is not stated in the literature whether
the specimen buckles at higher strain. From this figure, it can be seen that the proposed

limit strain line and optimal ratios correspond well with the database. This implies that
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the optimal specimen geometry under cyclic loading can be reasonably examined in a
monotonic analysis considering initial imperfections. Also, the proposed limit strain line
and proportional ratios can be said to be validated using the specimens with different
geometries considered in this study.

Besides, the previous studies which conducted LCF tests using Le/D of 0.5, 1.0, 1.5
and 2.0 (with the maximum 2% constant strain amplitude) have indicated that the LCF
performances of specimens with Le/D = 1.5 and 2.0 are similar and concluded that Le/D
of 1.5 or greater should be employed in order to obtain the correct fatigue behavior[2.21].
Also, given the measurable range of the extensometer, Type G with Le/D=1.76 and R/D
= 1.18 will be used for further discussion on the low-cycle fatigue (LCF) and extremely

LCF (ELCF) performances of various structural steels in the following chapters.

endplate (ﬁxed side)

ey

Fig. 2.11 Test setup
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Table 2.2 Dimension of specimens and true axial strains at buckling of each specimen

True axial strains True axial strains

D Le/D R/D _ _
Specimen name at buckling (test) at buckling (FEA)
(mm) ratio ratio )
[No buckling]
Type A _3%% 14 2.14 143  45% 4.14%
Type B_9% 14 2.14 0.36 10.5% 9.65%
Type C 2% 14 2.86 143 3% 3.11%
Type D_3% 14 2.86 036 4% 3.53%
Type F 12% 115  1.30 1.74  [12%] 20.1%
Type G_12% 17 1.76 118  [12%] 14.2%

XType A_3% refers to specimen name_tested strain (without buckling)

Stress distribution Stress distribution Stress distribution

]
]
]
E
]
]
i
B
271
f

Type B Type D
Fig. 2.12 Comparison of buckling configurations

2-24



Chapter 2 Determination of optimal round specimens under small and large tensile and compressive strains

500

400

300

200

100

500

400

300

200

100

500

400

300

200

100

Nominal stress (N/mm?)

| — Type A (test)
- = =Type A (Abaqus)

0 0.05 0.1 0.15

0.2

— Type C (test)
= = =Type C (Abaqus)

0 0.05 0.1 0.15

— Type F (Test)
- = =Type F (Abaqus)

0 0.05 0.1 0.15

0.2

500

400

300

200

100

500

400

300

200

100

500

400

300

200

100

— Type B (test)
— = =Type B (Abaqgus)

0.1 0.15 0.2

— Type D (test)
= = =Type D (Abaqus)

0 0.05 0.1 0.15 0.2
5 — Type G (Test)

= = =Type G (Abaqus)
0 0.05 0.1 0.15 0.2

Nominal strain
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Fig. 2.14 Comparison of true stress-true strain curves from test and analytical results

Table 2.3 Kinematic hardening and isotropic hardening used in Abaqus
Kinematic hardening parameters used in Abaqus

Specimen Yield Stress at Kinematic G Kinematic hard Kinematic hard Gamma 3
Zero Plastic Strain hard Parameter C2 Parameter C3
Type A (4%) 97.1 184218 1881 14373 160 532 0
Type B (9%) 164 28003 457 6479 71 360 0
Type G (PatternA) 167 33640 310 10540 134 125 0
Isotropic hardening parameters used in Abaqus
. . S Hardening
Specimen Equiv Sress Q-infinity paramb
Type A (4%) 97.1 230 10
Type B (9%) 164 271 10
Type G (PatternA) 167 235.1 4.47
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Fig. 2.15 Effect of initial imperfection on monotonic compression and cyclic loading
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Table 2.4 Specimens’ proportional ratios from previous studies

SpECimen D Le/D R/D Tested Steel materials
Literatures
name (mm) ratio ratio  strain used
SN400B, SN490B,
. LYP100, HT780,
[2.27] 35%X 14 2.14 179  3.5% [2.27]
SCM435, SUS304,
A6061-T6
LY100, LY160,
[2.24] 6% 13 1.08 1.92 6% [2.24]
LY225
GR345, HPS485,
[2.12] 7% 20 125 20 7% HT440, LYP100, [2.12]
LYP225
[2.28] 8% 15 1.73 167 8% 350WT (CSA) [2.28]
[2.14] 8% 12 1.25 167 8% LYP100 [2.14]
[2.13] 8% 10 1.25 1.1 8% Q235B, Q345B [2.13]
[2.15] 9% 15 1.13 20 9% Q235, Fe-SMA [2.15]
[2.16] 9% 12 1.17 20 9% Q345 [2.16]
[2.11] 9.5% 14 1.14 207 9.5% Q235B [2.11]

2 [2.27] _3.5% refers to literature _tested true axial strain (without buckling)
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i
Fig. 2.16 Cracks at the corner of Type B

under 2% constant amplitude cyclic tests
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Fig. 2.17 Comparison of specimens with different proportional ratios
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2.5. Summary
This chapter examined the optimal round specimens under small and large tensile and

compressive strains. The following is the main conclusions.

e For specimens with Le/D > 1.0 and R/D > 0.36, the strain concentrates and stress
distribute almost uniformly inside the reduced section Le.

e When Le/D > 1.0, neck can fully form inside the reduced section (since Ln/Le <
1), regardless of R/D. However, when Le/D < 1.0, neck length is longer than the
reduced section (Ln/Le > 1). Besides, it is also observed neck length tends to
increase with the increase in R/D. The trend, on other hand, is less significant
when Le/D > 1.0.

e As Le/D ratios increase the bucking resistance of the specimen decreases.
Specimens with small R/D ratios tend to have higher buckling resistance.
Nevertheless, small R/D (< 0.75) may also lead to reduction in cross section at the
corner under compressive strain which may affect the deformation capacity.

e Given stress & strain distributions, reduction in cross-section at R, neck and
buckling resistance, the optimal range of Le/D and R/D ratios with the limit strain
line of 9% are proposed. Consequently, the applicability of the proposed ratios
and limit strain is also confirmed according to cyclic analyses, several material
tests (using Type A-G specimens) and specimen shapes employed in previous

studies.

Given the measurable range of the extensometer, Type G will be used for further
discussion on the low-cycle fatigue (LCF) and extremely LCF (ELCF) performances of

various structural steels in the following chapters.
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3.1. Introduction

To date, research studies e.g., [3.1-3.5] on the low cycle fatigue (LCF) performances
of steel materials have been extensively conducted. However, only the limited strain
amplitudes of 3.5% or smaller were studied for LCF performance of various structural
steels used in Japan [3.6]. When subjected to intense lateral loads, such as those generated
by severe earthquakes, steel members may experience significant strain amplitudes [3.7—
3.11] and fracture after an extremely low number of cycles (in the order of 10 cycles)
which this fracture could be categorized in extremely LCF (ELCF) [3.12-3.15]. Besides,
the experimental investigations by researchers [3.16-3.18] after the great Hanshin-Awaji
earthquake in 1995 have indicated that steel members may undergo 8% or greater during
the earthquake. In other words, prior studies of the ELCF behaviors of structural steel at
even larger strain amplitudes have been limited.

Therefore, the cyclic deformation capacities that ranged from LCF to ELCF regimes in
a continuous manner have not been modeled comprehensively. One of the possible
reasons for the lack of these types of experimental studies could be attributed to the design
of a test specimen that can avoid stress concentrations at the edge of the effective length
section and at the same time can also prevent premature buckling until it reaches fracture
when it is subjected to large compressive strain. The buckling issue for specimen tested
under large compressive strain was also pointed out in the previous studies [3.19, 3.20].

By using the appropriate specimen shape discussed in Chapter 2, LCF tests including
large strain amplitudes could be conducted. In this chapter, to investigate LCF and ELCF
performances of various structural steels, cyclic loading tests were performed on steel
with different grades which cover both small (2%) and large (12%) strain amplitudes.

The structure of this chapter is followed by first the test parameters such as steel
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materials, strain amplitudes and loading conditions will be introduced in Section 3.2. Next,
in Section 3.3, the hysteretic curves when illustrated in the nominal and true stress-strain
curves are compared followed by the true stress-true strain curves of different structural
steels. The LCF performance of SS400 steel is then compared with the previous result to
validate this study’s test data. After validation, the LCF performance with large plastic
strains is investigated further, taking the effects of initial loading excursions into account.
Consequently, the effect of the different structural steels on LCF and ELCF performances
was also examined, and the LCF equation of the structural steels is proposed. In addition
to that until fracture, the deformation capacity of steel materials up to the ultimate point
is also investigated. The equation for evaluating the deformation capacity up to ultimate
point is proposed and validated using the result from variable amplitude cyclic loading

tests. Finally, the conclusions of the chapter are summarized.
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3.2. Test parameters

3.2.1 Steel materials
SS400 is a hot-rolled carbon steel used in common structures and comparable to ASTM
A36. SM490A is a hot rolled high-strength low-alloy steel to be used for welded structures
and comparable to high-strength low-alloy steel ASTM A572 grade 50. High-strength
low-alloy steel SA440C is heat-treated steel developed with sufficient ductility and
weldability and especially used for tall buildings in Japan. SA440C is comparable to high-
strength low-alloy steel ASTM A709 grade 65. Although SS400, SM490A, SA440C
structural steels have different strength levels, their chemical compositions are not so
different. Table 3.1 presents the chemical compositions and mechanical properties of
these steels which were obtained from mill certificates, monotonic tensile tests using Type
G, and specifications. The monotonic stress-strain relationships of Type G are depicted in
Fig. 3.1. The solid circles indicate the points of uniform elongations (strains
corresponding to tensile strength). The yield strength of SA440C is the stress when the
residual strain equals 0.2% after unloading. The chemical compositions and mechanical
properties of Type A and B are shown in Table 3.2. The tensile stress-strain curves of Type
A and B are shown in Fig. 3.2. It should be noted that Type A was the first test in the
series, and the extensometer was removed when the specimen reached tensile strength

due to concerns that it would be broken if left in place until fracture.
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3.2.2 Loading conditions

To obtain test data of SS400, SM490A and SA440C in the LCF and ELCF regions,
constant-amplitude strain-controlled cyclic loading tests were conducted. In the test,
strain amplitudes (¢) were set as +2%, +3%, +4.5%, +6%, +7.5%, £9%, +10.5%,
+11.25%, and +12%. In addition, in the event of an earthquake, either a large tensile or
a large compressive strain may be applied. Therefore, both tensile and compressive
excursions were set in the tests. Considering the scatter of test results and the effect of the
initial loading directions on the cyclic deformation capacity of each steel, two series of
tension—compression cyclic tests and one series of compression—tension cyclic tests were
conducted. Table 3.3 presents a list of steels and loading conditions used in this study. In
Table 3.3, T and C indicate the tension—compression and compression—tension cyclic tests,
respectively. Here, T2 refers to the second tension—compression cyclic test, and T2'

indicates the second steel lot of SS400.
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Table 3.1 Mechanical properties and chemical compositions of SS400, SM490A, and
SA440C

Steels SS400 T SS400 T2  SMA490AT  SA440C T
o, 347 374 368 475
N/mm? (> 235) (> 235) (= 325) (440 - 540)
Mechanical
, o 451 452 529 634
properties '

N/mm? (400-510) (400-510) (490 -610) (590 - 740)

e, % 221 23.8 16.7 8.4
0.14 0.08
C 0.13 0.13
(£0.20) (£0.18)
0.02
Si 0.21 0.2 0.25 (£ 0.55)
(<0.55)
Chemical 1.49
compositions Mn 0.55 0.49 1.42 (< 1.65)
(%) (£1.60)
0.021 0.017 0.014 0.003
P
(£0.05) (£0.05) (£0.035) (£0.02)
0.019 0.021 0.005 0.001
S
(£0.05) (£0.05) (£0.035) (£0.008)

Note: Numbers in the bracket () indicate the values stipulated by the specification JIS
G 3101 [3.21] for SS400, JIS G 3106 [3.22] for SM490A, and JISF [3.23] for SA440C
with the thickness of 16-40mm. gy and oy indicate the yield and tensile strengths,
respectively. e defines the nominal strain at the tensile strength (known as uniform
elongation).
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Fig. 3.1 Monotonic nominal stress vs. nominal strain

curve of various structural steels with Type G

Table 3.2 Mechanical properties and chemical compositions of Type A and B

Mechanical properties Chemical compositions (%)

. Yield Tensile )
Specimens C Si Mn P S
strength strength

(N/mm?)  (N/mm?)

Type A 313 462

0.13 0.19 0.50 0.018 0.020
Type B 312 467

Specification JIS G3101 [3.21]
(16 mm — 40 mm) >235 400 -510 - - - <0.050 <0.050

500

400

300

200 f

Nominal stress (N/mmz)

100

0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Nominal strain

Fig. 3.2 Monotonic nominal stress vs. nominal
strain curve of SS400 steel with Type A and B

3-8



Chapter 3 LCF and ELCF Performances of Structural Steels with Different Strengths

Table 3.3 List of steels and loading conditions

SS400 SM490A SA440C
(400 N/mm? grade) (490 N/mm? (590 N/mm?
Loading conditions grade) grade)
Type Type G Type G Type G
A B T T2 Cx T T2 C T T2 C
2% 1 1 1 1 1 1 1 1 1 1 1
3% 1 1 1 1 1 1 1 1 1 1 1
Constant  4.5% -1 1 1 1 1 1 1 1 1 1
amplitude 6% - 1 1 1 1 1 1 1 1 1 1
cyclic 7.5% - 1 1 1 1 1 1 1 1 1 1
loading 9% - 1 1 1 1 1 1 1 1 1 1
tests 105% - -1 1 1 1 1 1 1 1 1
11.25% - - 1 1 1 1 1 1 1 1 1
12% - - 1 1 1 1 1 1 1 1 1
Monotonic
1 1 1 1 - 1 - - 1 - -

tensile tests

Note: % T and C indicate the cyclic tests starting with tension and compression,
respectively. T2 refers to the second tension—compression cyclic test, and T2' indicates
the second steel lot.
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3.3. Hysteretic curves

Nominal and true stress-strain curves of tension-compression cyclic tests

Fig. 3.3 shows the stress—strain hysteretic curve of Lot I and II specimens tested with
strain amplitudes of £2%, 3%, +4.5%, and +12%. (x) in the figures indicates the fracture
point of the corresponding specimens. In the case of the hysteretic curve, the nominal
stress and strain values vary as shown in Figs. 3.3a-3.3d. As indicated, both tensile and
compressive stresses are almost symmetrical at 3% or smaller strain amplitudes. This has
been also reported in previous researches such as Ono et al. [3.6] who conducted tests
with strain amplitudes of 3% or smaller and stated that tensile and compressive stresses
of all specimens are almost symmetry in the plot of nominal stress and nominal strain
relationship. However, cyclic stress appears to lose its symmetry at larger strains (& >
4.5%) as it can be observed from Figs. 3.3c and 3.3d. In this regard, stress—strain
hysteretic curves were replotted in true stress vs. true strain relationship, as shown in Figs.
3.3e-3.3h.

From these figures, stresses in both tension and compression sides are close to
symmetry in a broader range of both small and large-strain amplitudes. Thus, it can be
inferred that the relationship of the true stress and true strain is more appropriate in

expressing the stress—strain hysteretic curve.

Comparison of true stress-strain curves of compression-tension cyclic tests of various
structural steels
Hysteretic curves of SS400, SM490A, and SA440C derived from the compression—

tension cyclic tests at strain amplitudes of +3%, +4.5%, +7.5%, and +12% were plotted
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in the true stress and true strain relationship (Fig. 3.4).
Fig. 3.4 indicates that the true stress—true strain hysteretic curves of the considered

steels exhibit excellent symmetric behaviors between the tensile and compressive stresses,

irrespective of the increase in the strain amplitudes.

3.4. LCF and ELCF performances of 400 N/mm? grade structural steel

Table 3.4 shows the number of cycles to fracture together with their corresponding

strain amplitudes considered in this study.

Table 3.4 List of loading conditions and their corresponding number of cycles to fracture

Number of cycles to fracture, Ny

Loading conditions Type Type G
Ax! Bx! T2 Cx? T2'3%?2
2% 168 153 215 176 186
3% 55 47 82 81 80
4.5% - 18 24 23 26
Constant 6% - 10 12 11 12
amplitude  7.5% - 6 7 6 7
cyclic 9% - 4 4 3 4
10.5% - - 3 2 3
11.25% - - 2 2 2
12% - - 1 1 1

%! Type A and B specimens are both tested only under tension as initial loading direction.
32T and C refer to cyclic tests starting with tensile and compressive excursions, respectively. T2

refers to the second tension-compression cyclic test, and T2 indicates the second steel lot.
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3.4.1 Comparison with previous study in LCF regime

In this section, the effects of specimen configurations and different lots on the strain-
life curve will be investigated. Moreover, the comparison between the Type A specimen
and the findings from a previous study [3.6] related to 400 N/mm? grade structural steel
in which the specimen shape was similar to the Type A specimen, will be also taken into
consideration. The marks ((J) and (A) in Fig. 3.5a illustrate test data of tension as the
initial loading direction obtained from previous test results and the Type A specimen,
respectively. From this figure, it is evident that the test results of the Type A specimen in
conjunction with data from a previous study exhibit a linear relationship together for
strain amplitudes up to 3.5%. This means that the reliability of test data of this study can

be verified.

3.4.2 Strain-life curve in LCF and ELCF regimes

The marks (a), (®), and (o) in Fig. 3.5b indicate the strain-life curve of Type B for the
specimens Lot I and II subject to tension as initial loading excursion. Even for larger
strains, it can be observed from the test data of Type B in conjunction with data from
specimen Type A as well as data from a previous study, that Type G specimens exhibit
continuous linear relationships for strain amplitudes up to approximately 10%.
Additionally, it is worth noting that there are almost no significant effects related with
specimen configurations as well as different lot productions on the strain-life curve based
upon the range of specimens and strain amplitudes considered in this study. It is inferred
that the deformation capacity of steel materials can be evaluated in a unified manner
regardless of the differences in lot productions.

Furthermore, during the test, it is observed that the scatter of the test results is likely to
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become slightly prominent in the case of specimens tested for small-strain amplitudes (e
< 4.5%) despite the fact that the overall test result appears to be somewhat stable.
Specimen fractures are due to the development of cracks and their propagation in this
range (¢ < 4.5%). For this reason, test results may vary owing to these different crack
developing locations. By contrast, the scatter became smaller at larger strain amplitudes

where necking in the center of the effective length section became more dominant.

3.4.3 Strain—life curve of compression—tension cyclic tests

The (®) mark in Fig. 3.5¢ indicates the strain life curve of Lot I specimens tested with
compression as initial loading excursion. Likewise, a good linear relationship can be
obtained for strain amplitudes up to approximately 10%. Additionally, it is noteworthy
that the life of specimens tested with compressive loading as the initial loading tend to be
slightly shorter than those tested with tensile loading. Similar loading direction influences
were also observed in [3.24] who investigated the effects of tensile and compressive
loading sequences as a part of their study.

This cycle life difference is attributed to the difference of the cumulative strain up to
fracture. The cumulative strain of the specimens tested with compression-tension cyclic
test might be half-cycle larger than that tested with tension-compression test. Since
specimen fractures under tensile load, there is a possibility that the cumulative strain with
the half-cycle larger may cause this 1 cycle difference. In this study, only small difference
appears at large strain amplitudes. However, the difference caused by the initial loading

direction can be considered negligible.
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3.5. Effects of different steel grades on the LCF and ELCF performances

To examine the low and extremely low cycle fatigue performances of various steel
grades, the relationship between strain amplitude, &, and the number of cycles to fracture,
Ny, (strain—life curve up to fracture) of SS400, SM490A and SA440C were plotted (Fig.
3.6). Strain amplitudes and their corresponding number of cycles to fracture of each steel
are listed in Table 3.5.

Fig. 3.6 shows that the overall strain—life curves of the considered steels exhibit a linear
relationship up to approximately 10%. Furthermore, despite the minor individual
differences, the cyclic deformation capacities up to the fracture point under small to large
strain regions can be evaluated in a unified manner for the loading conditions and steel
grades presented in this study.

Data regression using a power function was conducted to obtain the overall life-
prediction curve according to the Manson[3.1] — Coffin[3.2] relation (superimposed as a

dashed line as shown in Fig. 3.6), as described by Eq. 3.1.

£ =0.168(N;) ", (2% < £ < 10%) (3.1)

Fig. 3.6 shows that the Manson—Coffin relation fits well with the test data under strains
of approximately 2—10%. However, the value of Nrat strains greater than 10% would be
overestimated if the scope of application of Eq. 3.1 was enlarged to 12%. This
discrepancy in the Manson—Coffin prediction of other steel materials has been reported

in previous studies [3.25-3.28].

3-18



Chapter 3 LCF and ELCF Performances of Structural Steels with Different Strengths

Table 3.5 Strain amplitudes and their corresponding number of cycles to fracture

Number of cycles to fracture, Nt

Strain SS400 SM490A SA440C
amplitude, (400 N/mm? grade) (490 N/mm? grade) (590 N/mm? grade)
€ Type G Type G Type G

T T2'>%  CX T T2 C T T2 C
2% 186 215 176 223 204 169 179 176 200
3% 81 82 82 90 98 92 86 82 81
4.5% 23 24 23 30 32 27 30 30 29
6% 11 12 11 14 14 15 15 15 14
7.5% 7 7 6 8 8 8 10 10 9
9% 4 4 3 6 5 5 6 6 5
10.5% 3 3 2 4 4 3 4 4 3
11.25% 2 2 2 3 3 2 3 3 2
12% 1 1 1 2 2 1 1 1 1

Note: %T and C indicate the cyclic tests starting with tension and compression,
respectively. Here, T2 refers to the second tension—compression cyclic test, and T2'
indicates the second steel lot.
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Fig. 3.6 Strain—life curve up to fracture of SS400, SM490A, and SA440C steels
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3.6. Deformation capacity to ultimate point of different structural steels

3.6.1 Correlation between steel member and material

In contrast to the material test subjected to uniaxial loading, the structural member of
the steel frame, such as the steel beam, is generally subjected to moment gradient (Fig.
3.7a). In this case, the strain distributes nonuniformly and inelastically inside the yielding
region, which easily leads to the concentration of damage at the beam end flange, i.e.,
portion A4 of the critical section (Fig. 3.7b). Once portion 4 reaches the maximum stress
(point 77), necking forms, large plastic strain concentrates at this portion, and stress
decreases (Figs. 3.7c, 3.7d and 3.7¢). Whereas other parts outside portion A, such as
portion B, start to unload (Fig. 3.7f) at point 7;. As a result, the overall strength of the
steel member deteriorates rapidly after reaching the maximum value (Fig. 3.7g), and
finally the member fractures within small deformation.

In case of the cyclic loadings, the behavior of the flange at the critical section (portion
A), which determines the deformation capacity of the beam, can be thought to be in
association with the material test results up to the maximum strength. However, after the
maximum strength, the loading cycle until fracture of the beam decreases dramatically
compared with that of the material test. Therefore, the point up to the maximum strength
should be also considered as an additional index related to the evaluation of the plastic

deformation capacity of steel members.
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Fig. 3.7. Schematic drawing of a cantilever beam subjected to monotonic load
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3.6.2 Definition of ultimate point

As discussed in section 3.6.1, the local behavior of steel members, such as the critical
part of the steel beam flange end, can be associated with the behavior of the steel material
up to the ultimate point or maximum strength. After this ultimate point, due to damage
concentration caused by moment gradient, the strengths of the members drop rapidly, and
the members fracture within a small number of loading cycles. Therefore, the evaluation
of the deformation capacity up to the ultimate point should be considered in addition to
deformity up to the fracture.

To obtain the unified evaluation of ultimate point for the considered steels, three
definitions of ultimate points (based on negative secondary stiffness (or tangent modulus),
peak stress N,, and damage initiation (onset of crack or necking) Ng) are discussed. Fig.
3.8 exhibits the nominal stress and cumulative strain relationships obtained from the

tension side of the nominal stress-nominal strain hysteretic curves at strains of 4.5% and
6%. The symbols (O), () and (V) in the figure represent the onset of negative secondary

stiftness, peak stress N,, and damage initiation Ny. Fig. 3.8 demonstrates that negative
secondary stiffness occurs mostly a few cycles before fracture for all the studied steels
when strain is 4.5% or less. While it develops near the peak stress N, at strain of 6% or
greater. This indicates that the negative secondary stiftness is strain amplitude dependent,
which is not suitable for unified evaluation of the ultimate point for both small and large
strain amplitudes. Besides, for SA440C, the ultimate point is predicted in the first cycle
based on N,. Nevertheless, due to the material feature of SA440C (Figs. 3.8, 3.9¢c and
3.91), the stress reaches its peak in the first cycle, but after that the stress is almost stable,

and cyclic deformation capacity can still be demonstrated. This means that it is not
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reasonable to consider N, (=1) as the ultimate point. In other words, peak stress N, is
dependent on material feature and not appropriate for the unified evaluation of ultimate
point for the considered steels. In contrast to negative secondary stiffness and peak stress,
damage initiation Ny is thought to be independent of strain amplitudes and material
features. Therefore, in this study, damage initiation (onset of crack or necking) point Ny;
is considered as the ultimate point of the steel materials.

In this study, the number of cycles to damage initiation, N, was obtained from the test
observations on the surface of the specimens within the limits of the studied specimen
shapes, loading conditions, and structural steels. Here, Ng; is defined as the crack initiation
for specimens tested at smaller amplitudes (e < 3%) and as the onset of necking for those
tested at larger amplitudes (¢ >4.5%), provided that fractures due to crack and neck were
more dominant in relatively small and large strain amplitudes, respectively. To identify
the necking initiation, the loading tests were paused at each peak tensile strain to check
the condition of the specimens. Although observing necking and cracking during the tests
is difficult and may result in some discrepancies when compared to N,, these damage
initiations have also been considered the ultimate point in previous studies [3.29-3.32] to
examine the ductile fracture models. Besides, the previous studies by [3.13, 3.33] have
indicated that, in many cases, crack initiation is considered as a reasonable limit state to
evaluate structural performance. The number of cycles to damage initiation, Na;, and the
corresponding strain amplitudes of each steel are presented in Table 3.6. This Ny; is also

marked as symbols (¥) and (V) for cracking and necking points in Fig. 3.9, respectively.
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Table 3.6 Number of cycles to damage initiation at the corresponding strains

Number of cycles to damage initiation, Ng; Number
Strain

SS400 SM490A SA440C of
amplitude,

(400 N/mm? grade) (490 N/mm? grade) (590 N/mm? grade) cycles
&

T ™'% Cx T T2 C T T2 C to
2% 94 109 95 110 100 78 87 85 98 Crack
3% 39 40 40 47 48 47 50 45 41 Crack
4.5% 10 10 9 17 15 17 9 9 9 Neck
6% 5 5 4 7 7 7 5 5 5 Neck
7.5% 3 3 3 4 4 4 3 3 3 Neck
9% 2 2 2 3 3 3 2 2 2 Neck
10.5% 2 2 1 2 2 2 2 2 2 Neck
11.25% 1 1 1 2 2 1 1 1 1 Neck
12% 1 1 1 1 1 1 1 1 1 Neck

Note: %T and C indicate the cyclic tests starting with tension and compression,
respectively. T2 refers to the second tension—compression cyclic test, and T2' indicates the

second steel lot.
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3.6.3 Validation of the definition

From Fig. 3.9, it is observed that the NV, happened at almost the same points in time for
the considered steels. While this trend is observed only for N, of SS400 and SM490A.
Also, this figure shows that N, and Na; occurred at quite similar points in time for SS400
and SM490A. For comparison and examining their correlations, the Ny and N, of SS400
and SM490A are plotted as shown in Fig. 3.9. N, is used to compare with Ny because it
is directly derived from the test data and thus accurate when applicable. In Fig. 3.10, the
blue triangles and black squares indicate the Ny versus N, relationship of SS400 and
SM490A, respectively. This figure reveals that Na exhibits an excellent correspondence
with N,. Thus, the number of cycles to damage initiation, Ny, can be used as the ultimate

point for SS400 and SM490A. For further discussion, the number of cycles up to damage

initiation, N is also used for SA440C as N, is not applicable for this steel.

3.6.4 Deformation capacity to ultimate point

According to previous studies e.g., [3.34-3.40], there are two fracture modes - that is,
fracture due to surface cracks (known as fatigue fracture) and internal cracks (void growth
lead to neck which is categorized into ductile fracture), that cause fatigue damages. The
surface cracks are more dominant at small amplitudes (£3% or less, considered as crack-
dominated region in this study). The internal cracks are more predominant at the large
strain region (+4.5% or greater, considered as neck-dominated region in this study). This
observation is also consistent with [3.34, 3.35, 3.39]. In accordance with the transition of
dominant fracture modes, the strain-life curves show either bilinear or linear relationship
in some steel materials [3.26, 3.38, 3.40]. Nevertheless, for the structural steels

considered in this study, Fig. 3.11 shows that despite the minor individual differences, the
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&—Nui and e—Ny relationships show linear relationships (at strain amplitudes of +2—+12%
for Nui and 2—-10% for Ny), irrespective of the differences in the presented steel lots, and
initial loading directions. In the figure, the uniform elongation of SA440C high-
performance steel is lower when compared to others. This may be contributed by the
effect of heat treatment to achieve high strength. The regression equation of deformation

capacity up to the ultimate point can be expressed as follows:

£ =0.117(Ny) %3, (2% < & < 12%) (3.2)
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Fig. 3.10 Relationship between Ny and N,.
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3.6.5 Variable amplitude cyclic loading tests

Objective

The seismic loads are typically the loading patterns consisting of more than one
amplitude. Given the combination of amplitudes imposed by such lateral loads, the
variable amplitude cyclic loading tests were conducted. The obtained test results are
discussed using the evaluation method (Eq. 3.1) and (Eq. 3.2) together with Miner [41]’s

rule to further investigate its applicability under seismic actions.

Variable amplitude loading histories
Three patterns of loading histories are used to conduct the variable amplitude cyclic

tests on SS400, SM490A and SA440C steels. These three patterns are shown in Fig. 3.12.
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Cumulative damage evaluation based on Miner’s rule

In addition to fracture, the cumulative damage to ultimate point is also discussed.
During the tests, the ultimate points (points of crack or necking initiation) were observed.
However, only necks appeared in these loading patterns owing to the dominance of large
strain amplitudes. The cumulative damage values up to fracture and ultimate points were

calculated using Miner’s rule (Egs. 3.3 and 3.4).

n;
Dyy = N, (3.3)
l
n; (3.4)
Dy = ) —
Ndi i Ndi

where #; is the number of cycles of the corresponding strain amplitudes, Nyand Ng; are
calculated using Eqgs. 3.1 and 3.2. Dyrand D indicates the cumulative damage, which
is evaluated as fracture and ultimate point when they reach 1. The test results (Fig. 3.13)
reveal that the ultimate point could be evaluated within an error range of approximately
20% by applying Miner’s rule even under the condition of variable amplitudes. Besides
the cumulative damage up to fracture can be also evaluated with a similar range of error

(Fig. 3.14).
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3.7. Summary

In this chapter, experimental investigations were performed on the low-cycle fatigue
(LCF) and extremely low-cycle fatigue (ELCF) performances of structural steels of
different strength levels with nominal tensile strengths of 400 N/mm? (SS400), 490
N/mm? (SM490A) and 590 N/mm? (SA440C). To obtain test data of the studied steels in
both small (£2%) and large (+12%) strain regions, constant amplitude strain-controlled
cyclic loadings with tensile and compressive excursions were carried out. Although these
structural steels have different strength levels, their chemical compositions are not much
different. For the steels and loading conditions considered in this study, the key
conclusions can be drawn as follows:

e In case of plotting the hysteretic curve in the nominal stress-strain relationship, the
tensile and compressive stresses appear to lose their symmetry at strain of 4.5% or
greater. By plotting in the true stress-strain relationship, stresses in both tension
and compression sides are close to symmetry in a broader range of both small and
large strain amplitudes. It can be said that the relationship of true stress and true
strain 1S more appropriate in expressing the stress-strain hysteretic curves.

e A linear relationship was obtained for strains with amplitudes up to 3.5%.
Additionally, the strain-life curve of two different lots of specimens tested with
tension as the initial loading yielded a linear relationship in comparison with the
specimen tested with compressive loading with small and large strain amplitudes,
despite the minimal dispersion at moderate strains. In other words, one can
consider that there are almost no significant effects of initial loading direction,
specimen configuration, as well as different lots on the strain-life curve in the case

of specimens and strain amplitudes considered in this study
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e The low-cycle fatigue (LCF) and extremely LCF (ELCF) performances of the
considered (SS400, SM490A and SA440C) structural steels can be evaluated in a
unified manner up to a strain amplitude of approximately 10%. Based on this result,
data regression using a power function was conducted to obtain the LCF equation
for the considered structural steels.

e By defining the damage initiation (onset of crack or neck) as the ultimate point,
the deformation capacity up to ultimate point of the considered structural steels
(SS400, SM490A, SA440C) can be evaluated using one Ny equation from 2% to
12% strains.

e From the variable amplitude cyclic tests, the Ny equation was also confirmed to
be validated under the seismic loads which are typically the loading patterns
consisting of more than one amplitude.

e As an application of the materials’ evaluation equations, the LCF performance of
steel members (steel beam and Buckling-Restrained Brace) is also discussed in
Appendix 1. However, the purpose is not to accurately evaluate a member based
on the material's equation; rather, to domonstrate the performance calculated by
the material’s equation can be used as an indicator of the desired performance of
the member. The result in Appendix 1 shows that material’s Ny can be used as a

benchmark for the performance that Buckling-Restrained Brace should aim for.
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4.1 Conclusions

This study experimentally investigates the low-cycle fatigue performances (LCF) of
the 400 N/mm? (SS400), 490 N/mm? (SM490A), 590 N/mm? (SA440C) grade structural
steels, specifically focus on the ELCF (strain amplitudes > 8%) regime but in a continuous
manner from LCF to ELCF regimes to provide a qualitative database for further
researches. To enable the LCF test including large strains, first the parametric studies were
conducted to obtain the optimal specimen shape for lage strain cyclic loadings. Using the
specimen shape, the cyclic tests were performed on various strucural steels with strain
amplitudes ranged from 2% to 12% which cover LCF and inlcuding very large plastic
strain (Extremely LCF). Based on the results, the effect of steel materials on LCF
performance was elucidated. In addition to that until fracture, the deformation capacity
of steel materials up to the ultimate point is also investigated. The main conclusions of

each chapter can be summarized as follows.

Summary for Chapter 2

The main objective of this chapter is to obtain the appropriate specimen shape used
for LCF and ELCF tests. The parametric studies were conducted numerically and
experimentally to obtain the optimal specimen shape for LCF tests including large strain
amplitudes. It has been discovered that not only the reduced section to diameter ratio Le/D,
but also the fillet radius to diameter R/D has beneficial and detrimental influences on the

specimens. The following is the main conclusion.

e For specimens with Le/D > 1.0 and R/D > 0.36, the strain concentrates and stress

distribute almost uniformly inside the reduced section Le.
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When Le/D > 1.0, neck can fully form inside the reduced section (since Ln/Le <
1), regardless of R/D. However, when Le/D < 1.0, neck length is longer than the
reduced section (Ln/Le > 1). Besides, it is also observed neck length tends to
increase with the increase in R/D. The trend, on other hand, is less significant
when Le/D > 1.0.

As Le/D ratios increase the bucking resistance of the specimen decreases.
Specimens with small R/D ratios tend to have higher buckling resistance.
Nevertheless, small R/D (< 0.75) may also lead to reduction in cross section at the
corner under compressive strain which may affect the deformation capacity.
Given stress & strain distributions, reduction in cross-section at R, neck and
buckling resistance, the optimal range of Le/D and R/D ratios with the limit strain
line of 9% are proposed. Consequently, the applicability of the proposed ratios
and limit strain is also confirmed according to cyclic analyses, several material
tests (using Type A-G specimens) and specimen shapes employed in previous

studies.

Given the measurable range of the extensometer, Type G was used for further

discussion on the low-cycle fatigue (LCF) and extremely LCF (ELCF) performances of

various structural steels in the following chapters.

Summary for Chapter 3

The objective of chapter 3 is to investigate the low-cycle fatigue (LCF) and extremely

low-cycle fatigue (ELCF) performances of structural steels with different strengths. In

addition to that until fracture, the deformation capacity of steel materials up to the ultimate

point is also investigated. By using appropriate specimen shape discussed in Chapter 2,
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cyclic loading tests were conducted on structural steels with nominal tensile strengths of

400 N/mm?, 490 N/mm? (SM490A) and 590 N/mm? (SA440C). To obtain test data of the

studied steels in both small (2%) and large (12%) strain regions, constant amplitude

strain-controlled cyclic loadings with tensile and compressive excursions were carried

out. Although these structural steels have different strength levels, their chemical

compositions are not much different. For the steels and loading conditions considered in

this study, the key conclusions can be drawn as follows:

In case of plotting the hysteretic curve in the nominal stress-strain relationship, the
tensile and compressive stresses appear to lose their symmetry at strain of 4.5% or
greater. By plotting in the true stress-strain relationship, stresses in both tension
and compression sides are close to symmetry in a broader range of both small and
large strain amplitudes. It can be said that the relationship of true stress and true
strain is more appropriate in expressing the stress-strain hysteretic curves.

A linear relationship was obtained for strains with amplitudes up to 3.5%.
Additionally, the strain-life curve of two different lots of specimens tested with
tension as the initial loading yielded a linear relationship in comparison with the
specimen tested with compressive loading with small and large strain amplitudes,
despite the minimal dispersion at moderate strains. In other words, one can
consider that there are almost no significant effects of initial loading direction,
specimen configuration, as well as different lots on the strain-life curve in the case
of specimens and strain amplitudes considered in this study

The LCF and ELCF performances of the considered (SS400, SM490A and
SA440C) structural steels can be evaluated in a unified manner up to a strain

amplitude of approximately 10%. Based on this result, data regression using a
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power function was conducted to obtain the LCF equation for the considered
structural steels.

e By defining the damage initiation (onset of crack or neck) as the ultimate point,
the deformation capacity up to ultimate point of the considered structural steels
(SS400, SM490A, SA440C) can be evaluated using one Ny equation from 2% to
12% strains.

e From the variable amplitude cyclic tests, the Ny equation was also confirmed to
be validated under the seismic loads which are typically the loading patterns
consisting of more than one amplitude.

e As an application of the materials’ evaluation equations, the LCF performance of
steel members (steel beam and Buckling-Restrained Brace) is also discussed in
Appendix 1. However, the purpose is not to accurately evaluate a member based
on the material's equation; rather, to demonstrate the performance calculated by
the material’s equation can be used as an indicator of the desired performance of
the member. The result in Appendix 1 shows that material’s Nu; can be used as a
benchmark for the performance that Buckling-Restrained Braces (BRBs) should

aim for.
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4.2 Future studies

Based on the discussion throughout chapters 2-3, future studies to advance the related
research topic are discussed as follows.

Future study #1: Limitation of application of steel material test data onto the steel
members.

As an application of the material’s performance equations, the LCF performance of
steel beam was discussed in Appendix 1. The performance of the steel beam is
investigated by getting the strain at the critical part of the beam from the member in-plane
analysis and applying it to material’s Ny equation. The comparison of performance of the
steel beams (with weld access hole connected to thick end plate) between test and
calculated results based on Ny equation indicates both performance curves have the same
slope. However, the performance of the beams is lower than that calculated using the
material’s equation. It should be noted that the strain at critical section obtained from the
numerical analysis used is limited to average strain rather than the localized one. In this
regard, the localized strain associated with more complicated constraints cannot be fully
captured. Therefore, as a future study, it is necessary to quantitatively elucidate the rate
of reduction or local strain concentration ratio of beam members due to effects such as
local combined stresses using advanced finite element analysis program (e.g., Abaqus).

Future study #2: Simplified prediction model for steel members using Abaqus and
material test data

In case of steel material tests, uniaxial LCF tests are typically conducted. However, for
steel members, the stress states are more complicated. To apply the material test data to
the steel members, some ductile fracture prediction models such as Johnson-Cook model

[4.1], void growth model (VGM) [4.2], cyclic void growth model (CVGM) [4.3], stress
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modified critical strain (SMCS) [4.2] have been proposed and widely used thus far.
However, these methods necessitate highly skilled FEA users who can perform such
analyses in conjunction with user subroutines (UMAT or VUMAT), which are not desired
by engineers as general. For this reason, a more simplified model based solely on
Abaqus’s built-in function should be considered. For example, consider an evaluation
method based on the quantification of the correlation between equivalent plastic strain
(PEEQ) and stress triaxiality (TRIAX) at the critical part and material test data. The
cumulative plastic strain of the skeleton part or overall should be considered for material
test data. Additionally, the cumulative plastic strain up to the ultimate point should be
considered in addition to that up to the fracture.

Future study #3: Optimal flat specimen shape subjected to large tensile and
compressive strain should be investigated.

Although only round specimen with uniform-gauge test section (in Chapter 2) is
considered in this study, there are chances that specimens with rectangular cross-section
are employed more for it is easy to be manufactured. For this reason, the optimal specimen

shape of such specimens should be also clarified in the future studies.
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Appendix 1: Investigation of Steel Members Using Performance Calculated from the Material Evaluation
Equation as a Benchmark

Al.1 Introduction

In this chapter, the low-cycle fatigue (LCF) performance of steel members (i.e.,
Buckling-Restrained Brace and steel beam) will be investigated in terms of the materials'
performance equations as an application of the materials' data. It is worth noting that the
main goal of the dissertation is to investigate the LCF performances of various structural
steels, including very large plastic strains. As a result, the purpose of this chapter is not to
accurately evaluate steel member performance based on the material's equation; rather, to
demonstrate the performance calculated by the material's equation can be used as a

benchmark for the performance for which the members should aim.

Al.2 Comparison with LCF performance of Buckling-Restrained Brace

When compared to normal steel braces, which buckle under significant lateral loads
induced by earthquakes and wind, the instability-suppressed BRB (Buckling-Restrained
Brace) can attain nearly the same strength and stiffness under tension and compression.
Therefore, BRB have enhanced energy dissipation capacity and are commonly employed
as seismic members. A thorough understanding of low-cycle fatigue performance of BRB
will enable structural designers to estimate the remaining life of BRB after the earthquake.
Although BRB is said to be buckling suppressed, there are still high-mode buckling
patterns between clearances inside the plastic zone. This reduces the performance of the
BRB compared to that of the material under the same uniaxial loading condition. For the
time being, it is challenging to precisely evaluate the performance of BRB using material
evaluation equations. However, for future studies on improving the performance of BRB,
the material evaluation equations obtained in this study can be used as an indicator of the

desired performance of the member. In this section, the LCF of several BRBs used in
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previous studies [A1.1-A1.12] is compared to that of steel materials to examine the
performances when different shapes, width-to-thickness ratios, and plastic zones are
considered.

Table A1.1 shows the BRB database considered in this study. The data is arranged in
the order of small to large width-to-thickness (B/t or D/f) ratios and renamed as Groups A
—J including reference numbers.

The LCF performances of BRBs and steel materials are shown in Fig. Al.1. For
comparison, the LCF equations for BRB available in the recommended provisions for
seismic damping systems applied to steel structures (Seshinsekkei) [A1.10] are also
plotted in this figure. Seishinsekkei (Average) refers to the Eq. Al.1. In this equation, ¢,
indicates the half amplitude of axial strain. Seishinsekkei (Upper) and (Lower) represents
the 3 and 1/3 times the LCF curve of Eq. Al.1, respectively. Since the number of cycles
up to 95% ultimate strength are primarily considered in the provision [A1.10], Na
equation of material is also shown.

LCF performance equation for BRB [A1.10]:

£, =0.05108(N, /2

)70.385

(AL.1)
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Table Al.1 List of BRB database used

Plastic zone (mm)

Name Steel material BRB shape Di/tor B/t
Group A1 [Al.11] SN400B — 7
Group A2 [ A1.11] SN400B — 7,11
Group B[ Al.12] SN490B — 7
Group C[ Al.1] LY225 | 7,11
Group D[ A1.2] SN490B H 75
Group E [ A1.3] SN400B + 9.4
Group F[ Al.4] SN400 = 9.7
Group G [ A1.5] SN400B — 10
Group H[ A1.6, AL.7] SKTM13A © 19, 24
(400 N/mm? grade)
Group | [ A1.8] SN400B, SN490B | N.A.
Group J [ A1.9] SN400B, SN490B —, + N.A.

1176
1251
2054, 2174
1445
1300
2400
1330
700

N.A. X

N.A.

N.A.

% N.A. indicates Not Available
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The comparison between BRB and material in Fig. Al.1 indicates that the LCF
performances of the considered database are scattered over the upper and lower limits of
the Seshinsekkei equations for BRB. Also, the LCF performances of BRB are lower than
those of N4 and Ny for material. It is also observed from Fig. A1.1 that the slopes of LCF
curves of materials and Seshinsekkei are identical. While Seshinsekkei (Average)
equation for BRBs is typically 9.5%—15% materialNy and 23%—27% materiaiNai. Previous
study [Al.11] has indicated the LCF performance of BRB is approximately 10% to
25%when compared to LCF crack of the steel material. The LCF performance of the BRB
tends to be lower than the experimental results for the material due to the effects of uneven
waveform, strain concentration and local buckling. As a result, the BRB's performance is
regarded as excellent when approaching 1.0.

Figs. A1.2 and A1.3 illustrate the difference between the performances of BRBs from
database and steel materials. When 7y (=graNy/ materiatlNy) and nai (=rNy/ materiatNai) are
equal to one, it means that the LCF performance of BRB is the same as that of steel. From
Figs. A1.2 and A1.3, it is observed that the difference is ranged from 4% to 32% for ny
and 9% to 71% for ng. This difference may be contributed to the presence or absence of
welds, the setting of the unbonded material and clearance, and the width-to-thickness
ratios as well as the plastic zone of the core material, which was also reported in [A1.10].
According to this result, it can be said the closer the performance of BRB is to the
material’s equation, the better. Compared to Ny, the Ny of material was found to be a better

benchmark when investigating the performance of BRB.
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+ Group Al [Al1.11]
= Group A2 [Al.11]
Group B [A1.12]
0.1 r & Group C[AL1]
! Eq. 3.1 (Nf for material) & Group D [Al1.2]
O Group E [A1.3]
O Group F [Al.4]
O Group G [A1.5]
O Group H[AL1.6,A1.7]
¢ Group | [A1.8]
O Group J [A1.9]

True axial strain

0.01 |
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10 100 1000 10000
Number of cycles

Fig. A1.1 LCF performances of BRBs and steel material
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A1.3 Numerical analyses on steel beams

This section discusses the numerical analyses on steel beams. Based on the analytical
result, the LCF performance of steel members is examined in terms of the performance
calculated from the material’s Ny equation. However, the purpose is not to precisely
evaluate the steel beam; rather, to demonstrate the performance calculated by the
material’s equation can be used as a benchmark for the performance for which the
members should strive.

A1.3.1 Analytical method

Under severe earthquakes, the fracture at the beam end (as shown in Fig. A1.4) is
observed as the typical failure mode. By getting the strain at this critical part of the beam
from the member in-plane analysis and applying it to material’s Nu equations, the LCF

performance of the steel beam is investigated.

Weld metal Shear load

H-600x200x11x17 (SN490B)

Weld access hole

*
Eritical part  Beam length L = 2050mm

<

Y

Fig. A1.4 Critical part of the steel beam
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Basic assumption of in-plane analytical method [A1.13, A1.14]

The in-plane analysis of the cantilever wide-flange beams subjected to cyclic loading
histories was conducted under following assumptions:

(1) The assumption of the plane section

(2) The deformation due to shear force is considered to be always elastic

(3) There is no out-of-plane deformation of the beam

(4) The beam reaches its maximum load without local buckling

(5) The decrease in moment transfer efficiency due to the out-of-plane deformation of

the column flange is negligible.

Analytical algorithm

The algorithm of this numerical analysis [A1.13, A1.14] is based on the monotonic in-
plane analyses in the previous literatures [A1.15— A1.17]. The basic idea of the algorithm
is to obtain the moment-curvature (M —¢ ) relation (see “Appendix 2”) of a certain beam
section through the internal force balance under the assumption of the plane section (Fig.
A1.5). Moreover, the load-deformation ( M — @) relation (see “Appendix 2”) of the beam
can be derived by integrating the moment-curvature relation along the beam span (Fig.
A1.6). This analytical method is known to be sufficiently accurate before the beam

reaches its maximum strength.

Mesh generation
As shown in Fig. A.7, the flange of the beam was divided into 5 elements in the plate
thickness direction, whereas the web was divided into 33 elements in the height direction.

Furthermore, the beam was divided into the element size of 10-mm in the longitudinal

Al1-9
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direction.
o _Z=0
| ]
M A Z=Hg
L | Z=H

&ystrain at the tension edge of the section

¢ curvature

Hg distance from the tension edge to the center of gravity
Fig. A1.5 Internal force balance of the beam

Fig. A1.6 Mesh generation along the beam span
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5 elements in flange

o I A
N A A B
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Fig. A1.7 Mesh generation at the beam flange and web
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A1.3.2 Analytical parameters

The beam analytical model is shown in Figure A1.10. The beam used in previous study
[A1.18] has a wide flange section of 600 mm (depth) x 200 mm (width) x 11 mm (web
thickness) x 17 mm (flange thickness) and made from SN490B steel grade (nominal yield
strength is 325 N/mm? and nominal tensile strength is 490 N‘mm?). The beam is connected
to the column using an end plate (with a thickness of 50 mm) type connection. In this
regard, it can be said that the decrease in moment transfer efficiency due to the out-of-
plane deformation of the column flange is negligible.

The nominal stress and strain curve shown in Fig. A1.8 up to the tensile strength are
converted into true stress and true strain curve. Then, this curve is input as the material
properties for the numerical analysis. Four peak-to-peak constant amplitudes 36,, 2.56,,

20, are employed as the target rotation angles. 6, is shown in Table A1.3.

600
Web \
’f —— %

T gl \ \\
E AN
£ 400 Flange .
E A )
2
£ 300
w
E
‘E 200
o
Z

100

0 1 1 L ) | I
0 0.05 0.1 0.15 0.2 0.25 0.3

Nominal strain

Fig. A1.8 Nominal stress vs. nominal strain curve
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A1.3.3 Comparison between test and analytical results

Comparison of load-deformation relationship

Fig. A1.9 shows the moment (M) - rotation angles (&) from the test and analytical
results as well as strain histories at the critical part obtained from numerical results at
rotation angles of 0.02 rad, 0.025 rad, 0.03 rad.

This figure shows that the M - @ relation of test and analytical results have good
correspondence. In this regard, it can be said that the in-plane numerical analysis used
can reasonably reproduce the test result. Because the strain history is not available in the
literature [A1.18], the strain history generated from the verified analytical approach is
used in Ny equation of materials for further discussion of steel beam performance

evaluation.

Al-13
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Fig. A1.9 Moment-rotation angle relations and strain history at critical part
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Comparison of LCF performances

To evaluate the LCF performance of beams, each half amplitude of the strain history
at the critical part as shown in Fig. A1.9a is used to apply into Miner’s rule (Eq. A1.1)
and the Ny equation (Eq. Al.1) for steel materials. It should be noticed that, for the in-
plane analysis program used, strain at the critical part is calculated as the average value
(not localized region) in the beam width direction. D is the cumulative damage value, and

fracture is considered when D = 1.

1/0.39
N, =(0'117j (AL1)
g
£ 05
D= —= (A1.2)
i=1 Ndi

The number of cycles at any arbitrary x when D = 1 is considered to be the LCF
performance of steel beams. This calculated number of cycles is used to compare with the
number of cycles to fracture of the beam test result at each rotation angle as shown in Fig.
A1.10. Table A1.2 shows the number of cycles at each rotation angle obtained from test
and calculated results.

As illustrated in Fig. A1.10, the steel beam LCF performance is generally represented
by the number of cycles and rotation angles in the vertical and horizontal axes, as opposed
to steel materials and BRBs. The comparison of LCF performance of the steel beams
between test and calculated results in the figure indicates both LCF curves have the same
slope, and their number of cycles are about 3.2 — 3.8 times different. This difference is
deemed to be contributed by the decrease in moment transfer efficiency due to the loss of
web section by the weld access hole. The multiaxial constraint in the localized region of

the steel beam due to shear force may also cause this difference. It is worth noting that
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the beam in-plane analysis program used has the limitation that it can only consider the
average strain in the direction of the flange width at the critical part. Therefore, as a future
study, it is necessary to quantitatively elucidate the rate of reduction or local strain
concentration ratio of beam members due to effects such as local combined stresses using

advanced finite element analysis program.

Table A1.2 Number of cycles at each rotation angle

Beam section Rotation angle (rad)  memMNr(test)  Naequation  Nai/memNy
36, (6, =0.0075) 44 167 3.79
H-600x200x11x17  2.56, (8,=0.0077) 74 261 3.53
20, (6, =10.0076) 137 441 3.22
1000 ¢

O ~~_ Calculated using material’s Ny equation

N ~d
N ~
~ ~
.0 "~
N
SO N
- T~ O
/’~\ ~o \
\ ~ ~a-
S
N ~
AN

100 | < <

Number of cycles

10 : : : :
0.01 0.05

Rotation angle, 6
Fig. A1.10 Comparison of LCF performances between test and

calculated results
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A1.3.4 Effect of tensile stress-strain relationships

This section investigates the effect of tensile stress and strain relations on the analytical
results. In most cases, the stress and strain curves from the tensile tests are not available
in the literatures. Therefore, it is difficult to reasonably simulate the test result only with
the yield strength and tensile strength, for example given the effect of shape of the stress-
strain curve.

To examine the effect of stress-strain relations, bilinear model with known yield
strength, tensile strength and uniform elongation are considered. The uniform elongation
ue 1s taken as the parameters and changed from 25% to 150% as shown in Fig. A1.11 for
beam flange. For example, 1.0ue refers to the bilinear model with uniform elongation
equals that of the test [A1.18].

Fig. A1.12 shows the average (tensile and compressive side) moment at each uniform
elongation. The moment tends to decrease with the increase in ue, and the significant
difference is observed when ue is 0.5% or smaller. On the other hand, Fig. A1.13 exhibits
that the strain tends to increase with the increase in ue, which is opposite to the trend of
moment. Therefore, the LCF performances of the steel beams also decrease as the uniform
elongation increase as illustrated in Fig. Al.14. Nevertheless, Figs. A1.13 and Al.14
indicates that the results of the beam using bilinear model with 1.0ue are similar with that
using the tensile stress-strain curve from the test results.

This result suggests that the effect of tensile stress-strain relations on the analytical
result is significant. In case of the stress-strain curve is not available, if unavoidable, the
bilinear model with known yield strength, tensile strength and uniform elongation may
also be used for numerical simulation. Once again, the stress-strain curves from tensile

tests are essential for reasonable simulations.
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Appendix 2: In-plane analytical method
Basic assumption of in-plane analytical method [A2.1,A2.2]
The in-plane analysis of the cantilever wide-flange beams subjected to cyclic loading
histories was conducted under following assumptions:
(1) The assumption of the plane section
(2) The deformation due to shear force is considered to be always elastic
(3) There is no out-of-plane deformation of the beam

(4) The beam reaches its maximum load without local buckling

Analytical algorithm

The algorithm of this numerical analysis [A2.1, A2.2] is based on the monotonic in-
plane analyses in [A2.3— A2.5]. The basic idea of the algorithm is to obtain the moment-
curvature (M —¢ ) relation of a certain beam section through the internal force balance
under the assumption of the plane section. Moreover, the load-deformation (M —6)
relation of the beam can be derived by integrating the moment-curvature relation along
the beam span. This analytical method is known to be sufficiently accurate before the
beam reaches its maximum strength. This in-plane analytical method also employed steel
hysteresis model considering the Bauschinger effect proposed in [A2.1, A2.2], which is
also summarized in Appendix A3.

The calculation of moment-curvature relationship and moment-rotation relationship

can be obtained as follows.

Calculation of moment-curvature relationship:

The moment-curvature relationship of a specific section was obtained by the internal
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force balance in the beam section. Fig. A2.1 shows the internal force balance of the beam
section. The width of the beam section is the function of the distance from the section
tension edge g(Z). The stress value at each point in this section is the function of the

strain value at that point f (&) . Therefore, the axial force P and bending moment M can

be written as:

P=[" (&) 0@)tz=["1(s+¢-2)-0@)0k (A21)

M ZLH f(¢)-9(2)-Zdz—P-H, ZIOH f(e+¢-2)-9(2)-Zdz—P-H, (A2.2)

by giving the section a small curvature increment d¢, Eqs. A2.1 and A2.2 change to:

P+dP:J-OH f(e+de,+(p+dg)-2)-g(Z)dz (A2.3)

M +dM =IOH f(e+de,+(p+dg)-Z)-9(Z)-Zdz—P-H, (A2.4)

Where dg, is the increment of tension edge strain. The steel beams were subjected to
pure bending, therefore, P=0, dP =0. Egs. A2.3 and A2.4 were derived using Taylor

series expansion. Terms after the 2nd term are considered negligible.

Through Egs. A2.5 and A2.6, the moment curvature relationship can be obtained.

j”f(g+¢-2).g(2).2dz (A2.5)
0 d¢

dey ==
jo f'(e+¢-2)-g(Z)dz

H (A2.6)
dm :jo f'(e,+¢-2)-(de, +dgp-2)-g(Z)-Zdz

Calculation of the moment-rotation relationship:
The moment-rotation relationship of the beam was derived by integrating the moment-
curvature relationship along the beam span. The beam was divided into meshes 10 mm in

size. In a certain mesh No. [i, i+1], the boundary condition is shown in Fig. A2.2. The

A2-2



Appendix 2 In-plane analytical method

curvature of a certain mesh is considered constant. Therefore,

V' = ¢ (A2.7)
=Yy =¢ -x+C, (A2.8)
y=05-¢ x> +Cx+C, (A2.9)

for mesh No 1, suppose the boundary condition 8, and Y, are known, then

6,

i+1

=0 +¢ - Ax (A2.10)

You = Y +0-AX+05- 4 - Axt + 22X (A2.11)

G-A,

Where is G shear stiffness, and A, is the area of the beam web. Also, from the force

balance in mesh No. i, the moment of i+1 point can be obtained by Eq. A2.12

M, =M, -Q-AX (A2.12)
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Fig. A2.1 Internal force balance of the beam section
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Fig. A2.2 Mesh generation along the beam span
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Appendix 3: Steel Hysteresis Model [A3.1, A3.2]

Previous studies [A3.1, A3.2] have reported the details of the hysteresis model of steel

and then been summarized in [A3.3], which is reprinted as follows.

The hysteretic curve under cyclic loading of steel was decomposed into the
skeleton curve, the Bauschinger and the elastic unloading arts as shown in Fig.

A3a.

The skeleton curve was formed by sequentially connecting the paths of the loads
that exceeded the maximum load obtained in the preceding cycle. This was
adopted in the hysteresis model as the true stress-true strain relationship derived

from the nominal stress-nominal strain relationship of the coupon test using Egs.

A3.1 and A3.2. Where ,0 and o are the true and nominal stresses, ;& and &
indicates the true and nominal strain.
o=(1+,8) 0 (A3.1)
£=In1+, ¢€) (A3.2)

The Bauschinger parts were softened due to the Bauschinger effect and modeled

as bilinear (Fig. A3b). The model involves stress when entering the skeleton curve

+Ogs » €lastic stiffness E, plastic strain increments in each cycle of the Bauschinger
part A&, and stress of the stiftness changing point , o . Among them, o, was
set as the maximum stress from the previous cycle, and Agg can be calculated

using Egs. A3.3 and A3.4. ZAISS denotes the cumulative plastic strain of the
skeleton curve. The stress of the stiffness changing point of the Bauschinger part
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can be calculated using Eq. A3.5.

In the case of 400 N/mm? and 490 N/mm? class structural steels

Ag; =0.33) A, (A3.3)
In the case of 590 N/mm? class structural steel

Ay =0.72) Ag, (A3.4)
In the case of 400 N/mm?, 490 N/mm? and 590 N/mm? class structural steels
(O = 0'67ZIGBS (A3.5)

Fig. A3c shows an example (tension-compression cyclic loads) of the hysteresis to
understand the model.

< The compressive side of the first cycle was considered as the skeleton curve owing
to the initial compressive stress experienced the steel materials (loop 3-6 in Fig.
A3c). The softening caused by the plastic strain in the tensile side was considered
by adopting the bilinear model of the Bauschinger part (loop 4-5 in Fig. A3c).

< The entering and unloading points in the skeleton curve were reset each time when
the hysteresis loop entered a skeleton curve and remained unchanged until the loop
entered the subsequent skeleton curve fragment. (loops 0-2, 3-6, 7-10, 11-14, and
15-18 in Fig. A3c)

< For unloading within the plastic region of the Bauschinger part, the plastic region
moved to the subsequent entering point of the skeleton curve before unloading

(point 23 in Fig. A3c, which moves toward point 18).
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Appendix 4: Effect of element types and mesh sizes
1. Influences of element types

To investigate the effect of element types, the analytical models using solid element
with reduced integration (C3D8R) and without reduced integration (C3D8), axisymmetric
shell with reduced integration (CAX4R) and without reduced integration (CAX4) are
considered. In case of steel material, axisymmetric model is typically used due to its less
calculation time and good accuracy. However, one of its drawbacks is initial imperfection
cannot be considered due to its axisymmetric nature (the out-of-plane deformation is
locked). Therefore, the analyses of these models under pure tension without imperfection
are performed.

The equivalent plastic strain (PEEQ) and equivalent stress (MISES) distributions of
different element types at yield strains are shown in Fig. A4.1. At yield strain, the strain
and stress distribution do not show any difference regardless of the element types. Similar
trend of the stress and strain distributions can be also observed at lateral displacement at
Ul=2.5mm (approximately 44% reduction in cross-section) as illustrated in Fig. A4.2.
Although the stress and strain distribution are almost the same, their values tend to be
slightly different when the reduced integration is considered for both 3D solid and
axisymmetric elements. It should be noted that the analytical model with reduced
integration is used owing to its less calculation time while maintaining good accuracy.

Due to less calculation time and introduction of initial imperfection are desired, C3D8R

solid models with reduced integration are considered in this study.
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C3DSR C3D8 CAX4R CAX4
Solid element with ~ Solid element without Axisymmetric shell w/  Axisymmetric shell
reduced integration  reduced integration reduced integration ~ w/o reduced integration

FEEQ PEEQ PEEQ FEEQ

(Avg: 75%) (Avg: 75%) (Avg: 75%) (Avg: 75%)
0.004 0.004 0.004 0.004
0.003 0.003 0.003 0.003
0.003 0.003 0.003 0.003
0.003 0.003 0.003 0.003
0.002 0,002 0.002 0.002
0.002 0.002 0.002 0.002
0.002 0,002 0.002 0.002
0.002 0.002 0.002 0.002
0.001 0,001 0.001 0.001
0.001 0.001 0.001 0.001
0.001 0,001 0.001 0.001
0,000 0.000 0.000 0.000
0.000 0,000 0.000 0.000

S, Mises S, Mises S Mizes

(Avg: 75%) (Avg: 75%) (Avg: 75%) > M‘.Ses o
308.413 308.394 308,420 (Avg: 75%)
286.176 284,666 266180 308.411
263.939 260,933 263904 285,987
241,702 237,210 Sa1ae 263.562
219,465 213,482 515328 241.137
197.223 189,754 137,195 218,713
174.990 166.026 R 196.285
152,753 142,298 52613 173.863
130,516 118,570 135355 Séﬁi
108.279 94,842 108.097 106.589
86,042 71.114 8t 834 .
63.805 47,386 63581 84.164
41.568 23.658 1353 %g?g

Fig. A4.1 Strain (PEEQ) and stress (MISES) distributions of different element types
at yield strain (Specimen with D=17, Le/D=1.0, R/D=0.75, and mesh sizes R=0.5, Le=1.0)

PEEQ PEECQ PEEG FEEQ

(Avg: 75%) [Avg: 75%) (Avg: 75%) {Awg: 75%)
0.772 0.785 0.787
0.707 0719 1 " 0722
0.643 0.654 i 0.656
0.579 0.582 i 0.590
0.515 0.523 | 0.525
0.450 0.458 | | 0.459
0.386 -, 0.392 i i 0.324
0.322 0.327 i 0.328
8%3% 8.?8% i 8%8?
0.129 0.131 0131
0.064 0.065 0.066
0.000 0.000 0,000

S, Mises 3, Mizes S, Mises 5, Mises

(Avg: 75%) {Awg: 75%) (g 75%) (Avg: 75%)
576,721 607.374 576.716 599.495
533,360 560.943 533.417 554.592
429,999 514.513 490,118 509.688
446,637 468,082 446,819 464,784
403,276 421,651 403.521 419,880
359.915 375.221 360.222 374.977
316,554 328.790 316.923 330.073
273193 282.359 273.624 285169
229,831 235.929 230,325 240,266
186,470 189.498 187.026 195.362
143,109 143.067 143.727 150.458
99.748 96,637 100.428 105.555
56.387 50,206 57.130

60.651

Fig. A4.2 Strain (PEEQ) and stress (MISES) distributions of different element types
at Ul =2.5mm (Specimen with D=17, Le/D=1.0, R/D=0.75, and mesh sizes R=0.5, Le=1.0)
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2. Influences of mesh sizes

To examine the influences of mesh sizes, C3D8&R solid elements with different mesh
sizes — that is, fine, medium and coarse meshes as tabulated in Table A4.1 are considered.
Figs. A4.3 and A4 .4 illustrate the equivalent plastic strain (PEEQ) and equivalent plastic
stress (MISES) distributions at yield strain and buckling, respectively. From Fig. A4.4, it
is observed that the equivalent plastic strain tends to be larger when the mesh is finer,
which is consistent with the report by the previous study e.g., [A4.1]. Nevertheless, these
figures indicate the strain and stress distributions are almost similar, regardless of the
mesh size. Also, Table A4.1 shows that the effect of mesh sizes on the true axial strain at
buckling is almost insignificant.

Due to less calculation time while maintaining good accuracy is aspired, 3D solid
models (C3D8R, an 8-node linear brick, reduced integration, hourglass control) with

medium mesh are employed in this study.

Table A4.1 Strains at buckling of different mesh size

Name Mesh size True axial strain (%) at buckling

Fine mesh R=025,Le=025 240
Medium mesh R=0.5,Le=1.0 25.2

Coarse mesh R=1,Le=20 24.4

References for Appendix 4:

[A4.1] Mortezagholi MH, Zahrai SM. Evaluating ultra low cycle fatigue based on
ductile fracture model in double core BRBs. Eng Struct 2020;223:111158.
https://doi.org/10.1016/j.engstruct.2020.111158.
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Fine mesh Medium mesh Coarse mesh
(R=0.25, Le=0.25) (R=0.5, Le=1) (R=1, Le=2)
Element type: C3D8R Element type: C3D8R Element type: C3D8R
PEEQ PEEQ PEEQ
(&wg: 75%) (Awvg: 75%) (Awvg: 75%)
0.004 0.004 0.004
0.003 0.003 0.003
0.003 0.003 0.003
0.003 0,003 0.003
0.002 0.002 0,002
0,002 0.002 i 0.002
0.002 0.002 4 - 0.002
0.002 0.002 | 0.002
0001 0801 i : D001 |
0.001 9001 o'a01 il
0.000 0.000 0.000
0,000 0.000 0.000
5, Mises S, Mises 5, Mises
(Avg: 75%) (Awvg: 75%) (Avg: 75%)
308.365 308.385 308,259
285514 286,132 286.078
262,663 263.879 263,897
229812 241,627 241716
216,961 219.374 219,535
194,110 197.121 197 353
171,259 174.868 175,172
145,408 152,616 152,991
125,557 130.363 130.810
102,706 102,110 108,629
79.855 85 857 £6,448
57.004 £3.605 64,266
34,153 41,352 42,085

Fig. A4.3 Strain (PEEQ) and stress (MISES) distributions of different mesh sizes
at yield strain (Specimen with D=17, Le/D=1.0, R/D=0.75)

FEEQ PEEG PEEQ

[Avg: 75%) (Awg: 75%) (Avg: 75%)
0.625 0.617 0.588
0573 0.566 0.539
0521 0.515 0.490
0,469 0.463 0,441
0417 0412 0,392
0.365 0.360 0.343
0.313 0.309 0.294
0.261 0.258 0.245
0.208 0,206 0.196
0,156 0155 0,147
0.104 0.103 0.098
0.052 0.052 0.050
0,000 0.000 0,001

S, Mises §, Mises S, Mises

(Avg: 75%) (Avg: 75%) (Avg: 75%)
576.716 576.716 576.716
543,247 546.123 546.501
509,778 515.530 516.286
476,308 484,937 486,07 1
442,839 454,344 455,856
409,370 423.751 425.641
375.901 393.158 395.426
342,431 362.565 365.212
308.962 331.972 334.997
275,493 301.380 304.782
242.024 270.787 274.567
208.554 240194 244,352
175.085 209.601 214.137

Fig. A4.4 Strain (PEEQ) and stress (MISES) distributions of different mesh sizes
at buckling (Specimen with D=17, Le/D=1.0, R/D=0.75)
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Appendix 5: Fracture modes

Numerous efforts have been expended by researchers to identify the transition of the
fracture mode. For example, in previous studies [AS5.1— A5.4], it was reported that in
ordinary low-cycle fatigue regime (N;> 10%) the development of small surface cracks has
led to the failure of the specimen, while at very large strain amplitudes, the fracture mode
transition was caused by the development of internal cracks that originated from the shear
cracking of pearlite inside the material. Additionally, previous studies [A5.5— A5.7] have
indicated that the damage mechanism in the ELCF regime is a combination of the fatigue
mechanism and ductile fracture process, in which the latter is more dominant because
ELCF involves both the large-scale inelastic strain and cyclic loading. Likewise, Liu et
al. [A5.8] who studied the ductile-fatigue transition fracture mode of welded T-joints
which were subjected to quasistatic cyclic large plastic strain loading indicated that the
fracture mode could transition from fatigue fracture to ductile fracture as strain
amplitudes increased to a critical value.

Fig. AS shows the fracture surfaces of Lot I and II specimens tested subject to constant
amplitude cyclic and monotonic loadings. From this figure, it can be noticed that the
fracture mode of specimens at small and large strain amplitudes can be categorized. The
fracture mode of the specimen tested at a strain of 2% can be recognized as fatigue
fracture. During the test, it was observed that specimen fractured after small surface
cracks which could be identified by visual observation and which developed to have
substantial sizes. These main cracks connected with each other. However, specimens
tested at larger strains (> 4.5%) can be recognized owing to the accumulative ductile
fracture. Necking becomes more dominant and cup-and-cone shapes (which are the

characteristics for ductile fracture and can be typically observed on the fracture surface
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of tensile test) can be also identified from these fracture surfaces. In particular, from Figs.
A5(e) and A5(f) it is worth noting that the fracture surfaces of the specimens tested at a
strain of 12% and those of the monotonic tensile tests are similar. These findings also
corroborate the finding that the fracture mode of specimens tested at larger plastic strains

(¢ > 4.5%) falls into a ductile manner.

&3

(@) £2% (b) 3%
Necking

X

(c) +4.5% (d) £6%

(e) £12% (f) Monotonic tension

Fig. AS Fracture surfaces of Type G specimens
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Definition of cumulative plastic strains

The cumulative plastic strain can be obtained as follows.
—_— + -
zgp =& T &
+ - . . . . . .
Where €pi and €pi the plastic strain at the tension side and compression side,

respectively (Fig. A6.1).

True stress

=

True strain

Fig. A6.1 Schematic diagram of plastic strain at tension and

compression sides used for determining the cumulative plastic strains

Cumulative plastic strain of various structural steels

The relationship between cumulative plastic strain and number of cycles to damage
initiation in Fig. A6.3 indicates that regardless of the different steel strength, the
cumulative strain up to the fracture are almost the same extended up to the fracture strains
of the tensile tests. Similarly, the cumulative strain up to damage initiation also shows
linear relationship extended up to uniform elongations of the tensile test (Fig. A6.2).
However, the uniform elongation of high-performance steel SA440C is lower when

compared to others. This may be contributed by the effect of heat treatment to achieve
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high strength. Besides, according to strain-life curves and the results from Figs. A6.2 and
A6.3, it can be said that the effect of the considered steel strengths on the cumulative

plastic strain in the low and extremely low cycle fatigue regimes is almost insignificant.
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Fig. A6.2 Cumulative plastic strain vs. number of cycles to damage initiation
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Fig. A6.3 Cumulative plastic strain vs. number of cycles to fracture
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Appendix 7: Plastic strain energy
Definition of plastic strain energy
The plastic strain energy is determined by calculating the area of the true stress — true

strain hysteretic curve at each cycle as schematically illustrated in Fig. A7.1.

True stress

Plastic strain energy

True strain

Fig. A7.1 Schematic diagram of plastic strain energy

Plastic strain energy of various structural steels

From Fig. A7.2, it is observed that the plastic strain energy of various structural steels
shows linear relationship together. However, the scatter of the dissipated energy at similar
cycles seem to be slightly greater if compared to the cumulative plastic strains. The
amount of dissipated energy tends to be slightly greater for higher strength steels,
provided that the number of cycles (Na and Ny) of these structural steels is similar. The

same trend is also observed (in Fig. A7.3) for plastic strain energy up to Ny
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