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Ultra-low cycle fatigue tests of Class 1 H-shaped steel beams
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Abstract.  This paper presents experimental and numerical study on buckling behaviors and hysteretic performance of Class 1
H-shaped steel beam subjected to cyclic pure bending within the scope of ultra-low cycle fatigue (ULCF). A loading device was
designed to achieve the pure bending loading condition and 4 H-shaped specimens with a small width-to-thickness ratio were
tested under 4 different loading histories. The emphasis of this work is on the impacts induced by local buckling and subsequent
ductile fracture. The experimental and numerical results indicate that the specimen failure is mainly induced by elasto-plastic
local buckling, and is closely correlated with the plastic straining history. Compared with monotonic loading, the elasto-plastic
local buckling can occur at a much smaller displacement amplitude due to a number of preceding plastic reversals with relative
small strain amplitudes, which is mainly correlated with decreasing tangent modulus of the material under cyclic straining.
Ductile fracture is found to be a secondary factor leading to deterioration of the load-carrying capacity. In addition, a new ULCF
life evaluation method is proposed for the specimens using the concept of energy decomposition, where the cumulative plastic
energy is classified into two categories as isotropic hardening and kinematic hardening correlated. A linear correlation between
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the two energies is found and formulated, which compares well with the experimental results.
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1. Introduction

H-shaped steel beams have been widely employed in
steel structures for their good flexural behaviors and
convenient connection details. Currently, 4 classes of cross
sections, i.e., plastic section, compact section, semi-
compact section and slender section are defined in some
design specifications (Davies and Brown 1996) for H-
shaped steel beams according to their susceptibility to local
buckling (Shokouhian and Shi 2014). For Class 1 cross
section (plastic section), local buckling can hardly happen
during the elastic stage under monotonic loading and full
plastic moment resistance can be developed with sufficient
rotation capacity (Cheng et al. 2013), which is favorable to
seismic design.

In the past few decades, an extensive amount of research
has been conducted to investigate H-shaped steel beams.
Hall (1954), Ko et al. (2000) and Yasuhiro et al. (2000)
investigated deformation characteristics of H-shaped beams
subjected to shear forces. Gioncu and Petcu (1997a, b),
Hasegawa and lkarashi (2014) and Nakashima (1994)
conducted experimental investigation on rotational capacity
and strength of H-shaped beams under combined
compression and bending. Anastasiadis et al. (2012) and
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Gioncu et al. (2012) developed a prediction method for
rotational capacity and ductility of members under cyclic
loading. Elkady and Lignos (2015), Newell and Uang
(2008), Lee and Lee (1994) studied ductility and strength of
H-shaped beams and columns under cyclic loading. In
addition, local buckling of Class 1 H-shaped link beams
under cyclic shear and bending was investigated (e.g., Kasai
and Popov 19864, b, Richards and Uang 2005), where the
final limiting state was local buckling of the webs.
However, the case under cyclic pure bending has seldom
been investigated, where the limiting state may be different
from the ones under cyclic combined shear and bending.
Recognizing the fact that local buckling can reduce
strength and ductility of a structural member and even lead
to structural collapse, research on local buckling has been
intensively conducted (Akrami and Erfani 2015). Shinji
(2003), Keisuke et al. (2006), Lin et al. (2002, 2003),
Noritada et al. (2002) and Dawei et al. (2003) investigated
inelastic lateral torsional buckling behaviors of H-shaped
beams under axial force or bending. There are also many
studies (Dawei et al. 2003, Niu et al. 2014, Kubiak et al.
2016, Shokouhian et al. 2016) on the coupling effect of
local and global buckling of beams with different materials
or cross sections. Besides, there are a number of studies on
ultra-low cycle fatigue (ULCF) behaviors of metal
structures, e.g., (Ge et al. 2014, Jia et al. 2014, 2016, Chen
et al. 2017, Liu et al. 2017, Xiang et al. 2017a, b).
However, research on local buckling of Class 1 H-shaped
section under cyclic pure bending is limited especially
under ULCF loading, and the coupling effect of local
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buckling and fracture has seldom been investigated.

For Class 1 sections under ULCF loading with large
plastic strain amplitudes, tangent stiffness of a specimen
decreases remarkably after plastic strain reversals. Different
loading histories can lead to distinguished local buckling
behaviors of steel beams, which makes the mechanism of
plastic buckling much more complicated than that under
monotonic loading. In addition, H-shaped beams can still
sustain a substantial amount of load-carrying capacity even
after local buckling, and fracture may accelerate strength
deterioration of the members.

The objective of the present work is to investigate
interaction between local buckling and fracture of Class 1
H-shaped steel beams under cyclic pure bending in the
ULCEF range. In this paper, the impacts of such interaction
on hysteretic characteristics including strength, stiffness,
ductility and energy dissipation capacity of specimens
under cyclic pure bending were emphatically studied. In
addition, a finite element model was established to
investigate the local stress-strain states and corresponding
effect on local buckling of the H-shaped steel beams.
Finally, a method to evaluate the ULCF life of the Class 1
H-shaped beams was proposed using a concept of energy
decomposition, where the cumulative plastic energy was
classified into isotropic hardening and kinematic hardening
correlated energies.

2. Experimental facilities and arrangements

2.1 Design of specimens

The 4 H-shaped steel beams made of low alloy
structural steel Q345B, with a nominal yield strength of 345
N/mm? were designed and manufactured in this study. The
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Fig. 1 Cross section of specimens

Table 1 Measured mechanical properties of steel

nominal length of each specimen was 1200 mm and all the
specimens had the same section dimension of 270 mm x
200 mm x 6 mm x 16 mm (height x width x web thickness
x flange thickness). The geometric dimensions are shown in
Fig. 1 and the measured mechanical properties of the steel
plates is shown in Table 1. The flanges and webs were butt
welded and the weld toes were slightly polished according
to common engineering practice. Two end plates were
welded to the 2 ends of each specimen to connect with the
loading beams illustrated in Fig. 2. Four stiffeners welded at
the beam flange-to-end plate joint were designed, and also 4
stiffeners at the beam web-to-end plate joint. The length of
the stiffeners at the web was designed to be longer than that
at the flanges. This treatment is to avoid premature failure
at the beam-to-end plate joints within the pure bending
segment.

The flanges and webs are categorized into 4 classes
based on the width-to-thickness ratio according to EC3 and
the limiting values are listed in Table 2. In this study, both
the webs and flanges of the specimens were designed as
Class 1 and the detailed geometric parameters of the tested
specimens are shown in the table.

2.2 Test setup

A testing device to achieve pure bending was designed
and built to conduct the cyclic loading experiments in this
study. The main components of the test setup are shown in
Fig. 2. The device has 3 major parts: 2 loading beams, 2
identical actuators and 2 support columns. The actuators
have a load capacity of £2000 kN and the 2 loading beams
are employed to transfer the loads from the actuators to the
specimen. For the loading beams, one end was bolted to the
tested specimen through rigid end plate connections and the
other end was pin connected to the actuator. For the 2
support columns, both of the bottom ends were fixed to the
ground through high-strength anchors, while one of the top
end was pin connected to the loading beam and the other
one was pin connected to a sliding connection shown in Fig.
2. The sliding connection consisted of a movable part and a
fixed part with a sliding rail, where the frictional coefficient
of the sliding rail is small to release axial deformation of the
specimen due to the bending deformation, especially for the
ULCEF loading histories with large deformation. The sliding
plate had a sliding displacement capacity of +175 mm,

Nominal thickness  Actual thickness Yield strength Tensile strength Strain at Elongation
(mm) (mm) (MPa) (MPa) peak load (%)
16 16.1 377 526 0.176 35.2
6 5.7 428 594 0.179 25.2
Table 2 Measured geometric parameters
hxbxt,xt; Culty < Xy Web class Cilty < X¢ Flange class
270x200%6%16 39.7<59.4 6.1<74 1

*Notes: c,: net height of web; c;: net cantilevered width of flange; t,,: thickness of web; t;: thickness of flange;
X, critical ratio for web; X;: critical ratio for flange (Eurocode 3 2005)
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which is large enough considering the loading histories in
this study. Based on the displacement capacity of the
actuators, the maximum rotational capacity of the loading
beam was *14° In addition, the positive and negative
loading directions are also illustrated in Fig. 2.

2.3 Loading history

For the experiments, 4 different loading histories were

designed to investigate the effect of loading history on
seismic performance of the H-shaped steel beams under
ULCEF loading. The employed 4 loading histories are shown
in Fig. 3, including single full cycle loading, incremental
loading, de-incremental loading and 2-stage incremental
loading. The single full cycle loading history shown in Fig.
3(a) is to simulate pulsed excitation during a strong
earthquake, which is close to the case of monotonic loading.
For the single full cycle loading, the beam was loaded till
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the rotational capacity of the loading device and then
reversal loading was applied. The incremental loading
history is widely employed in cyclic tests, which was thus
selected. The de-incremental loading history was employed
to investigate the effect of the loading sequence on ULCF
properties of the specimen. The 2-stage incremental loading
history has 3 different constant-amplitudes loading with
relative small amplitudes followed by the incremental
loading, which was designed to investigate the effect of the
small amplitude loading reversals on the seismic
performance of the specimen.

The deformation parameter employed to control the
loading amplitude is the beam end rotation angle, 9, which
can be calculated by the displacement and load of the
actuator. The net specimen end rotation can be obtained by
excluding elastic flexural deformation of the loading beam
as illustrated in Fig. 4. The end rotation of the specimen, 6,
can be obtained through the following equation,

O=a—ay =0y~ —ay 1)

where « is the rigid rotation of the loading beam, ay, is the
elastic rotation of the loading beam subjected to the pure
bending, Oc, is the measured rotation of the loading beam
end, af is the rotation of the loading beam end due to elastic
deformation of the cantilevered part of the loading beam
under the concentrated force, F, shown in Fig. 4.

The incremental loading history is illustrated in Fig.
3(b) with 2 cycles per each amplitude. The incremental
loading history is symmetric in amplitudes and is to
simulate far-field earthquakes. For seismic design,
cumulative plastic deformation capacity of the beam after
yielding is more concerned, and only 2 elastic amplitudes
were thus designed for the incremental loading history,
which is similar to the ATC-24 loading history (Krawinkler
1992). After yielding, the amplitude increment was set as
0.01 till failure of the beam, and the yielding rotation of the
beam is around 0.01 rad.

The de-incremental loading history shown in Fig. 3(c) is
a combination of a decremental loading history and an
incremental one. The elastic loading amplitudes of the
aforementioned incremental loading history was replaced
by stepwise decreasing amplitudes with an initial rotation
angle of 0.05 rad.
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Fig. 4 Calculation of beam end rotation

The 2-stage incremental loading history shown in Fig.
3(d) replaces the elastic amplitudes of incremental loading
history with 3 constant amplitudes each with a number of
loading reversals. The 3 constant amplitudes were
respectively equal to 0.02 rad, 0.03 rad and 0.04 rad, and for
each amplitude the number of loading reversals was
determined when the absorbed energy under each loading
amplitude is equivalent to that under the aforementioned
incremental loading history till the peak load. The
numbering of the specimens is illustrated by Specimen H1-
S, where “H1” denotes Class 1 H-shaped beam, “-S”
represents the single full cycle loading history. In addition,
“-I7, “-D” and “-2” respectively denotes the incremental,
de-incremental and 2-stage loading histories.

3. Experimental results
3.1 Failure modes

The failure processes of the specimens are presented in
Fig. 5 and the final states are given in Fig. 6. Fig. 5
indicates that local buckling first occurred at the
compressive flange, and then occurred at the compressive
web. Under the subsequent loading reversal, local buckling
at the other side finally occurred. Strain concentration
occurred at the buckled web-to-flange joint, and leaded to
ductile crack initiation at the weld toe of the joint. The
crack is quite small at the initial stage, and propagated
along both the length and thickness directions of the web.
Finally, the cracks ran through the web thickness at the
location of the weld toes. Fig. 6 indicates that remarkable
local buckling deformation occurred at both the beam
flanges and the web of each specimen at the final state, and
a main crack along the weld toe of the web-to-flange joint
ran through the beam web thickness. For Specimen H1-S,
no cracking occurred under the first loading reversal which
was equivalent to the monotonic loading case, and cracking
occurred under the cyclic loading cases due to strain
concentration and low ductility of the boundary between the
weld and the base metal.

The load-displacement curves shown in Fig. 7 presents
the critical states of the specimens and it can be found that
the peak loads are all beyond the full-plastic moment of the
specimens, indicating that the local buckling is elasto-
plastic buckling owing to the small width-to-thickness ratio.
The failure process of Specimen H1-S can be divided into
the following stages:

(1) The cross-sectional edge stress reached the yield
strength of the material, and the corresponding load
is denoted as M, as shown in Fig. 7;

(2) The cross-sectional  full-plastic moment was
achieved and significant decrease of the tangent
modulus of the load-displacement curve shown in
Fig. 7(a) can be observed;

(3) Decrease of the material stiffness due to plastic
straining finally induced local buckling at the
compressive flange when the rotation reached -0.06
rad, while the load still increased owing to the strain
hardening effect;



Ultra-low cycle fatigue tests of Class 1 H-shaped steel beams under cyclic pure bending 443

Crack through -

web thickness

Flange
Rl

N

Crack initiation

| e i”.\ri :
!. | Crack through
Web1.
Bwe

web thickness

Crack through :
web thickness

5

Crack through
web thickness

= ;‘oi~
Crack through §i*
web thickness i 1§

v »- : l : - =

Fig. 6 Final states of specimens



444

Xianzhong Zhao, Yafeng Tian, Liang-Jiu Jia and Tao Zhang

400 -z : 5
770 R S S 7 R e i
200 E. Local buckling g
— at top flange
£ 0 D. Crack through E
E : web thickness z
= C. Crack initiation =
= 2200 | i.B. Local buckling 4 =
M e atweb | |
400 My TN e P S
: A. Local buckling at bottom flange
-0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10
6 (rad)
(a) Single full cycle loading
400 | Decremental
200 - s /
E 3 z
£ g
= 00t =
PR ]
-0.08 0.04 0.00 0.04 0.08
6 (rad)
Decremental part
(c) De-incremental loading
400 Fay
200 b
B =
= 9 iz
= =
= 200 =
-400 [~V
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
6 (rad)
First stage

A. Local buckling at top flange

initiation

-200

-400 |

-M,
o Rl “7|C. Crack through™ "7

web thickness

400

200 -

-200

-400 |~

-0.04 0.00 0.04
6 (rad)

(b) Incremental loading

-0.08

T T T
Incremental M A. Local buckling at top flange

B. Crack
initiation
I3

e web thickness

C. Crack through

0.00 0.04 0.08
6 (rad)

Incremental part

. Crack initiation B
0.08 -0.04 0.00 0.04 0.08
6 (rad)

Second stage

(d) 2-stage incremental loading history

Fig. 7 Load-displacement curves of specimens

(4) The load continued increasing till the peak load
when the rotation reached -0.09 rad and the load-
carrying capacity decreased due to excessive local

buckling at the compressive flange;

(5) Local buckling occurred at the compressive web
plate when the rotation reached -0.12 rad and the
load-carrying capacity continued decreasing;

(6) A crack initiated at the weld toe of the compressive
flange-to-web joint as shown in Fig. 5 when the
rotation reached -0.21 rad. The cracking was mainly
due to strain concentration and relative poor fracture
resistance at the boundary between the heat-affected
zone and the weld deposit (Liu et al. 2017). The
crack propagated along the weld length direction,

the web thickness directions from the weld toe. The
crack finally ran through the web thickness when the
rotation reached -0.18 rad;

(8) The crack propagated along the weld

while the crack width was almost unchanged;

(7) The loading direction was reversed and crack
propagated quickly along both the weld length and

direction, and the cross section at the mid-length of
the specimen consisted of the separated bottom
flange and a T-shaped cross section as shown in Fig.
6. The load could increase owing to tension of the
bottom flange and compression of the T-shaped cross
section. Local buckling at the other flange occurred
when the rotation reached -0.1 rad;
(9) Loss of load-carrying capacity at the reversal loading
half cycle due to excessive local buckling deforma-
tion and cracking.

Likewise, the failure process of Specimen H1-I can be
divided into the following stages:
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(1) The cross-sectional edge stress reached the vyield
strength of the material and full-plastic moment
subsequently;

(2) Local buckling occurred at the first loading cycle of
the amplitude of 0.06 rad as shown in Fig. 7(b) and
the load continued increasing after the local
buckling;

(3) The load-carrying capacity decreased due to
excessive local buckling deformation at a rotation of
0.04 rad within the second loading cycle of the
amplitude of 0.06 rad;

(4) The load-carrying capacity decreased remarkably
due to development of the local buckling
deformation at the first loading cycle of the
amplitude of 0.07 rad,;

(5) A crack initiated at the weld toe of the top flange-to-
web joint at the second loading cycle of the
amplitude of 0.07 rad, and the load-carrying capacity
decreased to 25% of the peak load. This implies that
decease of the load-carrying capacity is mainly due
to development of local buckling;

(6) The crack propagated along both the weld length and
web thickness directions, and ran through the web
thickness at the negative half cycle within the second
loading cycle of the amplitude of 0.07 rad.

Comparison between the test results of Specimens H1-S
and H1-1 implies that local buckling both occurred at a
rotation of 0.06 rad, while load-carrying capacity of H1-I
decreased remarkably at a relative small rotation.

For Specimen H1-D under the de-incremental loading
history, the failure process can be divided into the following
process:

(1) The cross-sectional edge stress reached the yield
strength of the material and full-plastic moment
subsequently, and no buckling was found during the
decremental loading stage;

(2) Local buckling occurred at the first loading cycle of
the amplitude of 0.05 rad during the incremental
loading stage as shown in Fig. 7(c), and the load
continued increasing after the local buckling;

(3) The load-carrying capacity continued increasing
until the first loading cycle of the amplitude of 0.06
rad, and began to decrease as the local buckling
deformation became apparent;

(4) A crack initiated at the weld toe of the bottom
flange-to-web joint during the incremental loading
stage at a rotation of 0.08 rad. At the moment, the
load has decreased to 10% of the peak load,
indicating minor effect of the cracking on the
hysteretic properties under the loading history. As
the loading amplitude increased, the crack finally ran
through the web thickness.

Comparison of occurrence of the local buckling between
Specimen H1-D and those of Specimens H1-S and H1-I
indicates that local buckling can happen earlier as the
number of plastic loading reversals increases.

For Specimen H1-2, 81, 20 and 10 loading cycles were
firstly applied for the amplitudes of 0.02 rad, 0.03 rad and

0.04 rad, respectively. Then incremental loading history
similar to that of Specimen H1-I was applied. The failure
process is given as follows:

(1) The cross-sectional edge stress reached the yield
strength of the material and full-plastic moment
subsequently during the loading amplitude of 0.02
rad;

(2) Local buckling occurred at the last loading cycle of
the amplitude of 0.03 rad during the constant-
amplitude loading stage, and no decrease in the load
was observed;

(3) Deterioration of the load-carrying capacity happened
from the second loading cycle of the amplitude of
0.04 rad during the constant-amplitude loading stage,
and the load continued decreasing as the number of
the loading cycles increased. The load has decreased
to 56.2% of the peak load at the end of the first
loading stage with the 3 constant amplitudes;

(4) Multiple minor cracks initiated at the top weld toe of
the flange-to-web joint at the first loading cycle of
the amplitude of 0.05 rad, and a main crack ran
through the web thickness at the second loading
cycle of the amplitude of 0.07 rad.

The test result of Specimen H1-2 shows that occurrence
of local buckling is correlated with the loading histories,
and excessive plastic straining will lead to a relative small
rotation corresponding to occurrence of local buckling. In
addition, the specimen can still maintain a substantial load-
carrying capacity at the moment of crack initiation. This
indicates that fracture is a secondary cause leading to
deterioration of the load-carrying capacity of Class 1 H-
shaped steel beams under certain ULCF loading histories.

3.2 Hysteretic curves

The hysteretic curves shown in Fig. 7 are plump shuttle-
shaped indicating stable and favorable energy dissipation
capacity of the specimens. The pinching effect was not
observed owing to the fact that the load-carrying capacity
could still increase during the post-buckling stage when the
local buckling deformation was not small. The skeleton
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Table 3 Experimental results
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Specimens Loading Ultimate load Cumulative Maximum Buckling Crack initiation Loading Crack
P history (kN.m)  plastic ratio ductility point point history location
H1-S  Single full cycle 390.4 8.3 9.3 0.06 rad 0.21 rad Single full cycle
0.06 rad 0.07 rad
H1-1 Incremental 391.5 61.2 8.4 (stcycle)  (2nd cycle) Incremental
d q Weld
H1-D  De-incremental  396.6 91.8 6o  Q06ra 0.08 ra De-incremental  toe
(1st cycle) (1st cycle)
2-stage 0.03 rad 0.05 rad 2-stage
H1-2 incremental 41L7 200.6 41 (20th cycle)  (2nd cycle) incremental

curves of the hysteretic curves are shown in Fig. 8, which
indicates that cyclic large plastic straining leads to
premature local buckling and also deterioration of the load-
carrying capacity. In addition, the initial stiffness and the
peak loads of the specimens are close to each other as
shown in Fig. 8. The experimental results are also listed in
Table 3, where the ultimate loads, buckling and crack
initiation points, locations of crack initiation are given.

3.3 Ductility

Ductility indices of a specimen include the maximum
ductility, umax, and cumulative plastic ratio, u., which can be
respectively given by the following equations

e 2)

y

/umax:

w=Sa zjz:ﬁ @

where Ona is the maximum rotation, 6, is the rotation
corresponding to yielding of the cross-sectional edge, u; is
the plastic ratio of the i-th loading half cycle, |6 is the
absolute value of the rotation of the i-th loading half cycle

@y

Fig. 9 llustration of ductility index calculation

as illustrated in Fig. 9, |6, is the absolute value of the
plastic rotation of the i-th loading half cycle as shown in the
figure, M; is the maximum moment of the i-th loading half
cycle, K is initial stiffness of the specimen. The values of
tmax and u. are listed in Table 3, indicating remarkable
effect of the loading history on the experimental results.
Failure of the specimens was defined when the load
decreased to 85% of the peak load, M,, as illustrated in Fig.
9.
According to the Manson-Coffin rule, one can obtain the
following equation
Ny ZCIUEi (4)
where Ng is the number of loading half cycles under the
constant-amplitude loading history with a plastic ratio of
i, C and k are constants of the ULCF model.

2.0 T

= HIl
15} .
| ]
1.0 1 »
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05} : . 1
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00 1 i I 1
H1-S H1-I H1-D H1-2
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Fig. 11 Damage summation
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According to the Miner’s rule, one can define an
incremental damage index as

aD =g ©

where AD; is the incremental damage during the i-th
loading half cycle.

D= AD=
i=1 i

31
=~ Cﬂk (6)

I pi

Failure of the specimen is postulated when D reaches
1.0. Commonly, the values of C and k can be obtained from
the experimental results under constant-amplitude loading
(Vasdravellis et al. 2014). Different amplitudes should be
employed to cover the whole strain range that is concerned.
In this paper, the values of C and k were calibrated by
comparison with the failure points of the experiments under
the variable-amplitude loadings due to lack of the test
results under constant-amplitude loadings. The fitted C and
k are respectively equal to 300 and -2.1. The equation for
ULCEF life prediction of the Class 1 H-shaped steel beams is
plotted in Fig. 10, and the predicted results are also
compared with the experimental ones in Fig. 11, indicating
that the equation can well evaluate the ULCF of the cyclic
loading cases, while great deviation is found for the single
full cycle loading case. The first reversal of the single full
cycle loading is equivalent to that under monotonic
bending. For the single full cycle loading case, i.e.,
Specimen H1-S, the main difference from the other 3
specimens is its large loading amplitude, which is beyond
the amplitude leading to local buckling of the beam under
monotonic loading. This leads to an apparent overestima-
tion of the ULCF prediction according to Eq. (6).

4. Ultra-low cycle fatigue life evaluation
using an energy approach

In addition to the Manson-Coffin rule, an energy
approach can also be employed to evaluate ULCF life of the
H-shaped beams. It is known that cyclic hardening of a
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material can be classified as either isotropic hardening or
kinematic hardening. In the literature (Akiyama 1985, Jiao
et al. 2011), the cumulative energy is divided into 2 types,
i.e., isotropic hardening correlated energy and kinematic
hardening correlated energy (termed as isotropic energy and
kinematic energy in this study for convenience). The total
cumulative plastic energy, E,, is the sum of the 2 energies as
shown in Eq. (7).

E,=E, +E; @

where E;; is the isotropic hardening correlated plastic
energy, E,f is the kinematic hardening correlated plastic
energy. However, isotropic hardening in the literature
(Akiyama 1985, Jiao et al. 2011) was defined to occur when
the load was higher than the previous loading reversals.
This definition makes the method only applicable to the
hardening stage till the peak load. In this paper, new
definitions in terms of plastic deformation were given for
the isotropic and kinematic energies. The isotropic energy
was defined as the one when the absolute plastic
deformation was achieved for the first time, and the rest of
the cumulative energy was the kinematic energy. The
definition method using deformation but not load is more
reasonable, since hardening of a material will proceed if
only deformation increases. The definition of the isotropic
energy is illustrated in Fig. 12, where elastic unloading is
postulated. The decomposition method is also illustrated in
Fig. 13.

Using the aforementioned method, the isotropic and
kinematic energies of the 4 tested specimens non-
dimensionalized by the yielding energy can be obtained
readily as shown in Fig. 14. It can be found that the
kinematic energy takes a large portion of the total dissipated
plastic energy. The isotropic energies of the 4 specimens are
relative close to each other, and the value decreases with
increasing kinematic energy. By regression analysis, a linear
relationship between the isotropic and kinematic energies is
observed as shown in Fig. 15, which can be described using
Eqg. (8).

E; E,
— =-9.64—+718.7 (8)
E, E,
Force &
!
!
!
!
/I
el d: /
,I
/ I)ileTa—
// d; dy —d; cement
/I
1
!
!
I

(b) Isotropic energy dissipation illustration

Fig. 12 Definition of isotropic energy in a hysteretic curve
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Fig. 13 Decomposition of isotropic and kinematic energies in a hysteretic curve

600 —_— ——— T
—s—EJE,
--e---E/E, A
—-a-- EY/E, pid
400 - i
o A
= Pl |
i :
200 | Aok .
i &
M
e i TSRS .-
e
0 1

HI1-S HI1-I HI1-D H1-2

Loading histories

Fig. 14 Dissipated energies of H-shaped beams

600
|\ EYE~-9.64EyE~+T718.7
i |
400 N /
_VIQL \
200 : e _
0 1 i 1
0 20 40 60 80
EYE,

Fig. 15 Correlation between isotropic and
kinematic energies for H-shaped beams

where E, is the elastic energy till yielding of the beam. This
formula can be employed to predict ULCF life of Class 1
H-shaped beams under different cyclic loading histories.

5. Numerical simulation
5.1 FE modeling

Finite element models were established in ABAQUS to
simulate the experimental results and investigate the
capacity of the numerical simulation focused on the
evaluation of hysteretic curves and occurrence of local
buckling. Three-dimensional models shown in Fig. 16 were
established in the implicit analysis module of ABAQUS.
The stiffeners, end plates and loading beams were also

considered in the numerical models. 4577 linear 4-node
shell elements with reduced integration scheme, S4R, were
employed considering its high efficiency for cyclic large
plastic straining problems. Reference nodes were
established at the centers of the 4 pin joints of the loading
beams, and the pin joints were all simulated through
coupling the surrounding nodes with the corresponding
reference nodes. The boundary constraints were then
directly applied to the reference nodes. The end plates of
the specimen were connected with those of the loading
beams using the tie elements in ABAQUS. The control
scheme was the same as that of the experiments, where
displacement data at the loading beam ends were employed.

To simulate the local buckling of the experimental
results, initial geometrical imperfection was implemented
into the numerical model. Buckling analysis was conducted
to obtain the initial imperfection configuration. The initial
imperfection consisted of the first 3 buckling modes shown
in Fig. 17, and the imperfection configuration Ax can be
expressed as

AX= W4, ©)

where w; = coefficient of the i-th buckling mode; ¢; =
configuration of the i-th buckling mode. In this study, w; =
0.01 t;, w, = 0.005 t; and w3 = 0.001 t; were employed.

5.2 Plasticity model

The combined hardening model in ABAQUS was
employed for the numerical analyses. This model is termed
as the Chaboche model in this study. The kinematic
hardening rule with multiple backstresses is given by the
following equation

“:Zai v da; :§Cid£p ~7 -0 -de (10)

where o = total backstress; n = number of backstresses; o; =
i-th backstress; C; and y = material constants of the i-th
backstress; de, = plastic strain increment; deeq = equivalent
plastic strain increment. Integration of Eqg. (10) under
uniaxial stress state gives

C.ly.-(1-e7) when y. %0
a:{ 17 ( ) % 1)

Ci &y when 3, =0
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In this study, 3 backstresses were employed with a
backtress of linear formation and the other 2 of nonlinear
formations. Based on comparison between the experimental
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and numerical analysis results, the plasticity model
parameters were determined as listed in Table 4.

5.3 Numerical results

The predicted buckling modes of the specimens are
compared with those of the experiments in Fig. 18, and the
buckling modes are generally similar to each other. Fig. 18
also indicates that yielding has developed at majority of the
cross section for all the specimens at the occurrence of local
buckling and only a small region close to the neutral axis is
within the elastic state.

Comparison results of the hysteretic curves between the

Table 4 Plasticity model parameters of materials

Yield strength

Location (MPa) CGC n C yp C3
Flange 377 2367 17.3 56 174 721
Web 428 2735 17.7 251 176 721

(d)HI-2

Fig. 18 Comparison of local buckling modes between experimental and numerical results
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Fig. 19 Comparison of hysteretic curves between experimental and numerical results

experiments and numerical analyses are shown in Fig. 19,
implying that the predicted results can compare well for the
first 3 specimens while greatly underestimate the ULCF of
Specimen H1-2. The underestimation is mainly due to the
loss of load-carrying capacity triggered by the premature
local buckling as shown in Fig. 19(d). It is known that
elasto-plastic buckling is closely correlated with the tangent
modulus of the material, which requires accurate prediction
of cyclic plasticity of the cross section. The employed
Chaboche model gives an overestimation of load at the
transition regions as shown in Fig. 19, and the tangent
modulus around 0.02 rad was not well evaluated as shown
in Fig. 19(d). To solve this limitation, more accurate
plasticity models are required to cover the full strain range
of the material.

6. Conclusions

In this study, both experimental and numerical studies
were conducted for Class 1 H-shaped steel beams under
ultra-low cycle fatigue (ULCF) loading. The effects of
loading history on failure mode, strength, ductility and
cumulative energy dissipation capacities were investigated
using 4 different loading histories, i.e., single full cycle
loading, incremental loading, de-incremental loading and 2-
stage incremental loading as illustrated in Fig. 3. Based on
the experimental and numerical results, the following
conclusions can be drawn:

e Stable hysteretic curves were obtained for the Class
1 H-shaped steel beams under ULCF loading, and
no pinching effect was observed. It was found that

the load-carrying capacity could continue
increasing even after occurrence of local buckling
at the compressive flange owing to the strain
hardening effect and the small width-to-thickness
ratio.

Cyclic plasticity can induce decrease in the tangent
stiffness of the material and further leads to earlier
occurrence of local buckling at the compressive
flange. Occurrence of the elasto-plastic local
buckling is closely correlated with the plastic
straining history, which can be accelerated due to a
number of preceding plastic reversals with relative
small strain amplitudes.

Failure of Class 1 H-shaped steel beams under
ULCF loading was mainly due to excessive
development of the local buckling deformation at
both the compressive flange and the web. The load-
carrying capacity has decreased below 85% of the
peak load when the first crack initiated at the weld
toe of the flange-to-web joint for all the specimens.
However, a specimen can sustain a substantial load-
carrying capacity at the moment of crack initiation
under certain ULCF loading history such as the 2-
stage loading history in this study. Cracking is the
secondary reason leading to strength deterioration
of the Class 1 H-shaped steel beams.

Cracks first initiated at the weld toe of the web-to-
flange joint, and propagated along the weld, along
with load-carrying capacity decreasing gradually.
Finally, the cracks ran through the thickness of the
beam web, and all the cracks were ductile.

The proposed cumulative damage index based on
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the Manson-Coffin rule increases nonlinearly as the
loading amplitude increases, which can compare
well with the experimental results except for the
case under a single full cycle loading. Effect of the
loading sequence on the cumulative damage was
not clearly observed, and this may be correlated
with the fact that the elasto-plastic local buckling
occurred at a fairly large rotation of 0.06 rad under
monotonic loading, and the employed loading
amplitudes are all below this value in this study.

e A new energy decomposition method was proposed
in this study, where the cumulative energy could be
divided into isotropic hardening and kinematic
hardening correlated energies. A linear correlation
between the 2 energies was observed according to
the experimental results, which could be employed
to predict ULCF life of the beams.
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