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To investigate the mechanical properties of Q460 high-strength steel under repeat tensile loading, 45 specimens were prepared for
repeated tensile tests. The specimens are tested under 16 different loading regimes. The effects of welded joints, specimen shape
and dimensions, and loading modes on the mechanical properties of the steel were analyzed. In addition, a finite element model of
the specimen under cyclic load was established with ANSYS and the numerical results were compared with those of the ex-
perimental tests. This finite element model can accurately simulate the deformation characteristics of Q460 steel specimens.
Experimental studies have found that the welded joints have adverse effects on the mechanical properties of this material. The
cumulative effect of fatigue damage on the welded specimens was significant, and the ductility of welded specimens was poor
under cyclic loading. The loading mode had a major impact on the results of the material tests. As the number of loading cycles
increased, the cumulative effect of fatigue damage on the specimens was more evident, and the length, size, and cross-sectional
shape of the tensile zone all affected the stiffness of the specimen. Finally, based on the experimental research and numerical
analysis results, a design formula for the tensile strength of Q460 steel under repeated loading was proposed. This formula can

serve as a reference for the application of Q460 steel in seismic engineering.

1. Introduction

High-strength steel generally refers to steel with a yield
strength of 460 MPa or greater. Applying high-strength steel
in structures can reduce the size of the components and the
quantity of steel required, thereby decreasing the structural
weight and seismic hazard. Some work has been carried out
to prove quality control and strength of steel have a major
impact on the seismic performance of steel space structures
(Dai et al. [1]). Using high-strength steel as building material
can also satisfy the new requirements of energy-saving,
emission reduction, and the low-carbon environment. With
the significant progress in the energy-absorbing and
damping technology, high-strength and ultrahigh-strength
steels are widely used in the design of steel structures
(Bjorhovde [2]). Nowadays, high-strength steel has been

used as the main structural material in large-scale con-
struction projects, such as the Sony Center Building in
Berlin, Latitude Building in Sydney, Australia, and Land-
mark Tower in Japan. Therefore, the safety problem of large
steel structure building is particularly important, and some
scholars studied the collapse of steel high-rise buildings
caused by large earthquakes and its anticollapse mechanism
(Lin et al. [3]). Meanwhile, the failure mechanism of high-
strength structural steels under high-stress low-cycle fatigue
loads has received attention from scholars of various re-
search fields.

Researchers worldwide have performed many studies on
the constitutive models and mechanical properties of high-
strength steels. Some scholars have studied the mechanical
properties of high-strength steel materials and the consti-
tutive models of tested steel under monotonic or cyclic
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loading [4-6]. Nie et al. [7] studied the mechanical prop-
erties of steel on cold-formed steel (CES) structures at high
temperature and proposed constitutive relationship models
based on the test data of S350, S420, and G500 steel, re-
spectively. Hu et al. [8] analyzed the average elastic modulus
of H-beam members according to the influence of damage
on the elastic modulus of steel obtained from the mechanical
test of damaged steel. The formulas for calculating the av-
erage elastic modulus of damaged H-beams under different
damage degrees were calculated. Wang et al. [9] compared
the constitutive relationship among low yield point steel,
ordinary-strength steel (Q345B), and high-strength steel
(Q460D). Li et al. [10] studied the ductile failure mode of
Q460 high-strength structural steel under quasi-static
conditions. Their results indicated that the fracture mech-
anism of this steel varied in different stress triaxial regions.
Scholars mostly analyze the properties of steel components
by studying the constitutive models of steel components.

Some scholars have conducted experimental investiga-
tions on the mechanical properties of welded test specimens
of high-strength steels under monotonic and cyclic loading.
Haslberger et al. [11] conducted a study on the micro-
structure and mechanical properties of high-strength steel
welding consumables with a minimum yield strength of
1100 MPa; a concept for toughening and strengthening all-
weld metal samples was presented. Ozturk Yilmaz et al. [12]
studied the effect of welding parameters on the micro-
structure and mechanical properties of different resistance
spot-welded DP1000-QP1180 simulation joints. The results
indicated that the spot-welded joints with higher strengths
exhibited a more ductile fracture characteristic. Sowards
et al. [13] performed an experimental study regarding the
mechanical properties of low-alloy high-strength steel
sheets. The results revealed that the low-cycle fatigue
strength of the weld was considerably higher than that of the
base metal. Peilei et al. [14] studied the welding of low-alloy
high-strength steel. Their research demonstrated that a
linear heat input had a significant impact on the tensile
strength of weld joints. However, there exist few studies that
focus on the mechanical properties of high-strength steel
welded specimens under low-cycle fatigue loading. In par-
ticular, further experimental and theoretical studies on the
mechanical properties of Q460 high-strength steel and
different types of welded steel specimens under low-cycle
fatigue loading are necessary.

In structural design using the high-strength steel, welded
joints invariably exist in the steel material. However, the
welded area is prone to high-strain low-cycle fatigue damage
under the repeated action of loads. For example, the authors
of this study simulated the mechanical behavior of Q460
steel columns under repeated seismic action. They observed
that high-strength steel siding with high-strength steel
column foot weld attachments was prone to fatigue damage
and cracking, as illustrated in Figure 1. Therefore, to evaluate
the mechanical performance of Q460 steel and its weld areas
during earthquakes, it is necessary to perform repeated
loading tests on this steel with welded joints.

To address the above problems, the following tasks were
performed in the present investigation: (a) For the
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FiGure 1: Fatigue cracking of the high-strength steel plate with
welding seams under repeated loading.

investigation under monotonic loading and repeated ten-
sion, 45 specimens of Q460 steel were prepared. The failure
characteristics, stress-strain curves, skeleton curves, and
energy consumption of the steel specimens with welded
joints were analyzed. (b) The parameters affecting the me-
chanical properties of Q460 under repeated loading as well
as their corresponding effects were analyzed. (c) Based on
the experimental research and numerical simulation results,
a design formula for the tensile strength of Q460 steel under
repeated loading, which may provide a reference for its
application in seismic engineering, was proposed.

2. Experimental Program

The Q460 steel used in this study was provided by Anshan
Iron and Steel Group Corporation. The chemical compo-
sition of the steel, which meets the requirements of “High-
strength low-alloy structural steels” (GB/T1591-2018, 2018)
[15] is listed in Table 1. According to “Metallic materials
tensile testing Part 1: Method of test at room temperature”
(GB/T 228.1-2010, 2010) [16], Q460 plate specimens were
prepared for cyclic tensile tests. The length and width of the
clamping section of the plate specimen were 60 mm and
30 mm, respectively, and the radius of the curved transition
section was 50 mm. The length and width of the parallel
section were 53 mm and 12 mm, respectively. The welded
joint was located on the middle axis of symmetry of the plate
specimens. The design dimensions of the material specimen
are depicted in Figure 2. The length and diameter of the
clamping section of the rod specimen were 30 mm and
8mm. The radius of the curved transition section was
30 mm.

We adopted the gas shielded welding method for
welding. The specimens were divided into five groups,
namely, A, B, C, D, and R. The welding consumable is ER80-
d2 gas shielded welding wire. The heating temperature
before welding was 50-60°C and the interlayer temperature
was 80-100°C, which is suitable for welding low-alloy high-
strength steels. The other welding parameters, which meet
the requirements of the “Code for Welding of Steel Struc-
tures” (GB 50661-2011,2011) [17], are presented in Table 2.
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TaBLE 1: Chemical composition of Q460 (%).

C Si Mn P S Cr Al Mo Ti Cu Nb Ni \Y% Ceq

0.080 0.200 1.510 0.008 0.0013 0.050 0.030 0.003 0.002 0.070 0.021 0.030 0.045 358
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FIGURE 2: Specimen design (Units: mm). (a) Sheet material specimen. (b) Rod-shaped specimen.

TaBLE 2: Welding parameters of Q460 submerged arc welding.

Welding method

Welding position and joint form Welding current (A)

Welding voltage (V) Welding Speed (cm/min)

CO2 gas shielded welding Flat welding and board docking

220-280 24-28 30-35

The design parameters of the specimens are listed in
Table 3. In the table, L and H represent the 12 mm and 6 mm
thick plate specimens, respectively, whereas R represents the
rod specimen with a diameter of 8 mm. The material tests
were conducted on a CMT5105 electronic universal testing
machine at Huaqiao University. The strain was measured by
an extensometer with a gauge length of 50 mm and a range of
50%. The CMT5105 electronic universal testing machine and
extensometer are produced and provided by MTS Industrial
Systems (China) Co., Ltd.

The specimens were subjected to 16 loading patterns, in-
cluding uniaxial tension loading and repeated tensile loading
modes, as illustrated in Table 4. Specimens H/L-A-1, H/L-B-1,
H/L-C-1, H/L-D-1, and R-A-1 were used for the uniaxial
tensile tests, whereas the remaining specimens were used for
the repeated tensile tests. Each test was carried out under
displacement control with a loading speed of 0.6 mm/min.

3. Experimental Results and Discussion

3.1. Failure Mode. For the specimen without a welded joint,
the fracture was located in the center of the middle parallel
section. The necked section of the fracture demonstrated a
considerable reduction in area and noticeable plastic de-
formation. Cracks in the specimen were generally distrib-
uted in a diamond shape, and fiber filaments were
distributed on both sides of the fracture area. The failure
mode I of the specimen is illustrated in Figure 3.

The failure modes of the material specimens with welded
joints under uniaxial tension and those that were subjected
to repeated tensile loading were different. Under uniaxial
tension, microcracks first occurred in the specimen and then
the crack developed continuously; microcracks developed

into a large crack through the cross section. The specimen
was easily broken in the heat-affected zone near the weld
seam and the crack occurred on the part of the steel where it
had a lower yield point. The cross section of the fracture was
at an angle of 45° to the cross section of the specimen. The
specimen exhibits slight necking when it breaks, as depicted
in Figure 4(a). Failure Mode II was presented in specimens
H/L-B-1, H/L-C-1, and H/L-D-1.

Under repeated tensile loading, lateral microcracks first
appeared on the side of the welded joint specimen, and then the
cracks continued to extend, developing along the lateral di-
rection. For the specimen welded with Q460, the damage oc-
curred in the middle weld position. For the specimens welding
Q460 with Q235 or Q345 steel, the damage occurred near the
weld area and close to the side of the steel plate with lower yield
strength. Necking was not observed when the specimen was
broken. A specimen with a welded joint subjected to repeated
tension exhibiting Failure Mode III is depicted in Figure 4(b).

3.2. Material Properties. To study the effects of the design
dimensions, connection method, and loading mechanism on
the material properties of specimens, the stress-strain curves
of the specimens were compared and analyzed. The strain of
the specimen in the stress-strain curve was measured using
the extensometer, and the stress in the curve represented the
cross-sectional stress of the specimen.

The test results for the Q460 steel specimens after single
tension and repeated loading are summarized in Table 5.
Here, E is the elastic modulus of the specimen; f, and f, are
the yield stress and maximum tensile stress of the steel,
respectively; ¢, is the strain corresponding to the maximum
tensile stress f,; € is the strain when the tensile strength drops
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TABLE 3: Specimen description.
e
H-A-1 No welding 6 NM1 L-C-1 Vgﬁiﬁi:ﬁiﬁh 12 NM1
H-A-2 No welding 6 NM2 L-C9 V\ggzdst“e’gh 12 NM9
H-A3 No welding 6 NM3 L-C-10 V\g;gzdst‘g’gh 12 NM10
H-A-4 No welding 6 NM4 L-C-11 V\(;eggdst‘glh 12 NM11
H-A-5 No welding 6 NM5 L-C12 “g;‘;‘;dsgitlh 12 NM12
L-A-1 No welding 12 NM1 L-C-13 Vgg;dst‘gh 12 NM13
L-A2 No welding 12 NM2 H-D-1 “g;i;ds::gh 6 NM1
L-A-3 No welding 12 NM3 H-D-9 “g;i;dsglh 6 NM9
L-A-4 No welding 12 NM4 H-D-10 V\g’;igdszgh 6 NM10
L-A-5 No welding 12 NM5 H-D-11 V\g;igdst‘zgh 6 NM11
H-B-1 V\g’iﬁgdst‘;’ietlh 6 NM1 H-D-12 V\[Qe;igdst“e’;h 6 NM12
H-B-7 V\gi‘égdst‘;’gh 6 NM7 H-D-13 V\g;igdst‘;’itlh 6 NM13
H-B-8 V\gi‘ggdst‘;’;h 6 NMS8 L-D-1 V\g;‘igdsgzh 12 NM1
L-B-1 “éfigédsfiﬁh 12 NM1 L-D-9 V\g;j‘;dst”:;h 12 NM9
L-B-14 V\gi‘égdstvevgh 12 NM14 L-D-10 V\gi;dstvevgh 12 NM10
L-B-15 V\giigdsttietlh 12 NM15 L-D-11 V\g;igdstﬁh 12 NMI1
L-B-16 V‘giggdst‘zietlh 12 NM16 L-D-12 V‘g;igdst‘zgh 12 NM12
H-C-1 V\gzlg;dst‘;’;h 6 NM1 L-D-13 V\g;jgdst?eih 12 NM13
H-C-9 ngl‘i;dst‘feﬁh 6 NM9 R-A-1 No welding 8 NM1
H-C-10 V\gg;ds::ietlh 6 NM10 R-A-3 No welding 8 NM3
H-C-11 V‘gzl‘;;dstvevgh 6 NM11 R-A-4 No welding 8 NM4
H-C-12 V‘gzl‘;;dstvevglh 6 NM12 R-A-5 No welding 8 NM5
H-C-13 V\gzl‘;gdst”zietlh 6 NM13 R-A-6 No welding 8 NM6

by 15%; fy/fu is the yield ratio; W is the elongation; Em is the
hysteresis energy; and » is the number of loading cycles. L
and H represent 12mm and 6 mm thick plate specimens,
respectively, and R represents rod specimens with a diameter
of 8mm. According to the welding conditions, it is divided
into four groups: A, B, C, and D. The third digit of “H-A-1"
corresponds to the loading pattern.

3.2.1. Effect of Specimen Thickness. The stress-strain curves
for plate specimens with thicknesses of 6 mm and 12 mm
were measured under the NM1, NM4, and NM11 loading

modes, as depicted in Figure 5(a). The analysis of Figure 5(a)
and Table 3 shows that there is an obvious difference in the
ultimate tensile strength of the specimens with different
thicknesses. By analyzing the ultimate tensile strength of the
specimens of groups A and C, it was found that the ultimate
tensile strength of the 12-mm-thick specimen was greater
than that of the 6-mm-thick specimen. The stress-strain
curve for the specimens indicated that specimens without
welded joints experienced the elastic stage, plastic stage,
strengthening stage, and a yield stage was also evident. The
results indicate that the thickness of the specimens has a
significant effect on the ductility of the steel and an increase
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TaBLE 4: Loading patterns of tested specimens.

Loading
pattern

Instructions

NM1

NM2

NM3

NM4

NM5

NM6

NM7

NMS8

NM9

NM10

NMI1

NM12

NM13

NM14

NM15

NM16

Unidirectional tensile loading speed 0.6 mm/min loading until the specimen fracture
Repeated tensile loading mode, loading speed 0.6 mm/min, and loading strain 9%, equal amplitude loading. In each
loading cycle, unloading after loading to the maximum strain. The specimen is directly pulled and broken after nine turns
of cyclic loading
Repeated tensile loading mode, loading speed 0.6 mm/min, and loading strain 3%, 5%, 7%, 8%, and 9%. In each loading
cycle, unloading after loading to the maximum strain, each stage is loaded in a cycle of one turn, and the final stage is
loaded in a cycle of three turns, after which the loading continues until the specimen breaks.

Repeated tensile loading mode, loading speed 0.6 mm/min, and loading strain 3%, 5%, 7%, 8%, and 9%. In each loading
cycle, unloading after loading to the maximum strain. Each stage is loaded in a cycle of two turns, and the final stage is
loaded in a cycle of four turns, after which the loading continues until the specimen breaks
Repeated tensile loading mode, loading speed 0.6 mm/min, and loading strain 3%, 4%, 5%, 6%, 7%, 8%, and 9%. In each
loading cycle, unloading after loading to the maximum strain, each stage is loaded in a cycle of one turn, and the final stage
is loaded in a cycle of three turns, after which the loading continues until the specimen breaks
Repeated tensile loading mode, loading speed 0.6 mm/min, and loading strain 3%, 4%, 5%, 6%, 7%, 8%, and 9%. In each
loading cycle, unloading after loading to the maximum strain, each stage is loaded in a cycle of two turns, and the final
stage is loaded in a cycle of four turns, after which the loading continues until the specimen breaks
Repeated tensile loading mode, loading speed 0.6 mm/min, loading strain 1.5%, and equal width loading. In each loading
cycle, unloading after loading to the maximum strain, the specimen is directly pulled and broken after nine turns of cyclic
loading
Repeated tensile loading mode, loading speed 0.6 mm/min, and loading strain 0.5%, 1%, 1.5%, 2%, 2.5%, and 3%. In each
loading cycle, unloading after loading to the maximum strain, each stage is loaded in a cycle of one turn, and the final stage
is loaded in a cycle of three turns, after which the loading continues until the specimen breaks
Repeated tensile loading mode, loading speed 0.6 mm/min, loading strain 4%, and equal amplitude loading. In each
loading cycle, unloading after loading to the maximum strain. The specimen is directly pulled and broken after nine turns
of cyclic loading
Repeated tensile loading mode, loading speed 0.6 mm/min, and loading strain 1%, 2%, 3%, 4%, and 5%. In each loading
cycle, unloading after loading to the maximum strain, each stage is loaded in a cycle of one turn, and the final stage is
loaded in a cycle of three turns, after which the loading continues until the specimen breaks
Repeated tensile loading mode, loading speed 0.6 mm/min, and loading strain 1%, 2%, 3%, 4%, and 5%. In each loading
cycle, unloading after loading to the maximum strain, each stage is loaded in a cycle of two turns, and the final stage is
loaded in a cycle of four turns, after which the loading continues until the specimen breaks
Repeated tensile loading mode, loading speed 0.6 mm/min, and loading strain 0.5%, 1%, 1.5%, 2%, 2.5% ... 5%. In each
loading cycle, unloading after loading to the maximum strain, each stage is loaded in a cycle of one turn, and the final stage
is loaded in a cycle of three turns, after which the loading continues until the specimen breaks
Repeated tensile loading mode, loading speed 0.6 mm/min, loading strain 0.5%, 1%, 1.5%, 2%, 2.5% ... 5%. In each loading
cycle, unloading after loading to the maximum strain, each stage is loaded in a cycle of two turns, and the final stage is
loaded in a cycle of four turns, after which the loading continues until the specimen breaks
Repeated tensile loading mode, loading speed 0.6 mm/min, loading strain 2%, and equal amplitude loading. In each
loading cycle, unloading after loading to the maximum strain. The specimen is directly pulled and broken after nine turns
of cyclic loading
Repeated tensile loading mode, loading speed 0.6 mm/min, loading strain 0.5%, 1%, 1.5%, and 2%. In each loading cycle,
unloading after loading to the maximum strain, each stage is loaded in a cycle of one turn, and the final stage is loaded in a
cycle of three turns, after which the loading continues until the specimen breaks
Repeated tensile loading mode, loading speed 0.6 mm/min, and loading strain 0.5%, 1%, 1.5%, and 2%. In each loading
cycle, unloading after loading to the maximum strain, each stage is loaded in a cycle of two turns, and the final stage is
loaded in a cycle of four turns, after which the loading continues until the specimen breaks

in thickness is beneficial to the ductility. In addition,
specimens with welded joints did not exhibit an obvious
yield stage.

The stress-strain curves of the plate specimens with a
thickness of 6 mm and the rod specimen with a diameter of
8 mm under the three loading modes of NM1, NM3, and
NM4 are illustrated in Figure 5(b). For the same loading
mode, the ultimate tensile strength of the rod specimen was
considerably higher than that of the plate specimen, and its
ductility was lesser than that of the plate specimen. Fur-
thermore, the stress degradation rate of the rod specimen
was faster after reaching its ultimate tensile strength.

3.2.2. Effect of Welding Connection. The stress-strain curves
of the plate specimens of groups A-D are illustrated in
Figure 6. Figure 6(a) shows that under uniaxial tension, the
group A specimen has a more obvious yield stage. In
contrast, the tested specimens of groups B, C, and D have no
evident yield stages. The test curve of the Group A specimen
is plump, and the ductility and tensile strength of group A
specimens are greater than those of groups B, C, and D. The
tensile strength of the group C specimens is higher than that
of the group D specimens while its ductility is lower. This
implies that when the specimen was welded with Q460, its
strength and ductility are enhanced, but its tensile strength is
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FIGURE 3: Failure mode I of specimens without welded joint. (a) Sheet material specimen. (b) Rod-shaped specimen.

()

FIGURE 4: (a) Failure mode II of specimens with welded joint. (b) Failure mode III of specimens with welded joint.
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TABLE 5: Summary of test results.

Specimen label  E (x105MPa)  f, (MPa)  f, (MPa) &, € Hifu W (%) E,(J) n(cycles) Failure mode
H-A-1 2.11 549 626 11.00 18.94 0.62 22.40 444 1 I
H-B-1 1.97 480 509 1.59 2.32 0.71 4.00 49 1 I
H-C-1 2.00 321 462 5.09 9.86 0.68 14.00 154 1 11
H-D-1 1.92 280 419 6.38 1345  0.64 16.00 199 1 II
H-A-2 2.14 548 632 12.00 19.72 0.62 27.00 476 9 I
H-B-7 1.94 510 603 5.02 6.52 0.54 10.00 145 9 II1
H-C-9 2.23 316 452 3.81 5.73 0.65 16.00 74 9 111
H-D-9 2.11 368 414 6.14 12.98 0.65 18.00 200 9 111
H-A-3 2.16 550 625 11.95 18.89 0.60 25.60 445 6 I
H-B-8 1.96 450 560 2.67 3.74 0.57 6.00 87 8 111
H-C-10 2.24 303 443 4.67 4.63 0.67 14.00 66 7 111
H-D-10 2.14 370 414 5.46 11.78 0.65 15.00 179 7 111
H-C-11 2.13 305 452 5.30 10.68  0.66 15.00 158 12 111
H-D-11 2.13 385 423 6.22 13.09 0.67 17.00 208 12 111
H-A-4 217 546 613 11.19 18.82 0.61 26.60 447 9 I
H-C-12 2.13 321 460 5.04 8.94 0.69 12.70 142 11 111
H-D-12 2.14 373 417 6.73 13.73 0.66 17.00 213 11 111
H-C-13 2.18 301 451 4.34 10.81 0.67 14.00 162 20 11
H-D-13 2.23 368 406 6.74 13.85 0.66 18.00 213 20 111
L-A-1 211 556 683 18.83 28.21 0.45 29.60 1226 1 I
L-B-1 2.29 479 601 1.98 3.45 0.63 7.00 174 1 I
L-C-1 2.08 382 450 5.74 10.05 0.63 16.00 306 1 II
L-D-1 2.25 426 520 7.06 14.83 0.44 22.00 606 1 I
L-A-2 2.18 515 708 8.73 16.18 0.59 24.40 939 9 I
L-B-14 1.84 350 564 2.15 2.88 0.62 6.00 143 9 II1
L-C-9 2.05 315 456 6.08 11.78 0.63 14.40 353 9 111
L-D-9 1.88 350 529 6.70 13.14 0.67 18.00 525 9 111
L-A-3 2.20 551 701 8.54 17.42 0.64 24.00 954 6 I
L-B-15 1.90 316 581 1.52 2.83 0.54 7.10 124 6 111
L-C-10 2.30 329 446 6.44 1246  0.65 14.00 354 7 II1
L-D-10 2.03 363 567 5.29 11.79 0.64 17.60 505 7 111
L-A-4 2.34 543 712 8.82 19.43 0.62 26.00 1096 10 I
L-B-16 1.89 342 614 2.00 2.32 0.56 4.80 146 10 III
L-C-11 2.31 369 445 6.50 11.50 0.61 13.60 333 12 111
L-D-11 1.96 333 545 4.53 9.52 0.61 16.00 411 12 II1
L-C-12 1.82 373 454 5.92 11.37 0.60 16.00 351 11 111
L-D-12 217 351 545 4.88 12.04 0.65 18.00 538 11 II1
L-C-13 2.01 402 449 5.51 9.47 0.67 12.40 288 20 111
L-D-13 2.16 353 549 5.26 12.64 0.64 16.00 544 20 111
R-A-1 2.30 550 742 11.39 17.16 0.61 20.00 334 1 I
R-A-3 2.05 554 721 9.93 16.85 0.55 22.00 334 I
R-A-4 2.04 561 714 10.04 14.74 0.56 21.50 292 10 I
R-A-5 1.95 563 698 9.67 12.72 0.56 16.00 243 9 I
R-A-6 1.96 573 737 9.72 17.90 0.55 24.00 358 16 I

reduced. Group B specimens first reach their ultimate tensile
strength and cracking occurs rapidly after reaching the peak
strength. This is because of the numerous initial defects
caused by the welding process. Therefore, the welding
process and the properties of the welding consumable have a
major influence on the test results. The stress-strain curves of
the tested specimens of groups C and D with different
thicknesses are depicted in Figure 6(b). For the 6-mm-thick
specimen, the ultimate tensile strength of the group C
specimens is higher than that of the group D specimens;
however, the ductility is lower. For the 12-mm-thick
specimens, the tensile strength and ductility of the group D
specimens are higher than those of the group C specimens.
The stress-strain curve of the group D specimens is plumper

and the energy-consumption capability is greater than that
of the group C specimens. These results indicate that the
thickness of the specimens and the strength of the welding
steel affect the mechanical properties of the welded speci-
mens. Welding reduces the ductility of the specimen to a
certain extent, which is not conducive to the development of
the plasticity stage of the specimen. The closer the strength of
the welded steel plate to that of the base material, the better
the mechanical properties of the welded specimens.

3.2.3. Effect of Loading Patterns. The stress-strain curve and
the yield ratio of the three groups of specimens, that is, R-A,
L-C, and H-D, in different loading modes are depicted in
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Figure 7. Group R-A consists of rod specimens without
welded joints. As depicted in Figure 7(a), the specimens
exhibit an obvious yield stage. The R-A specimens exhibit
significant strength hardening and good ductility. Their
stress-strain curves are plump in shape, indicating their
strong ability of energy dissipation. Group L-C comprises
the plate specimens welded with Q460 and Q235 steels. As
illustrated in Figure 7(b), under repeated loading, the var-
iation in the tensile strength of the specimen is not readily
evident, but the ductility decreases. The specimen L-C-13
enters the failure stage prematurely. This is primarily be-
cause the grade of the welded steel material is different with
that of the other groups, resulting in considerable plastic

damage under repeated loading. Consequently, the me-
chanical properties of the specimen decrease and the
specimens are rapidly destroyed. The H-D group is com-
posed of a plate specimen with welded Q460 and Q345 steels.
As depicted in Figure 7(c), with the increase in the number
of loading cycles, the ductility and energy-consumption
capacity of the specimens are enhanced, and the change of
their tensile strength is not very evident. It can be observed
from Figure 7(d) that the loading mode has less influence on
the yield ratio of the material specimen. These results in-
dicate that as the number of cyclic loadings increases, the
impact on the mechanical properties of the specimen is more
significant. In addition, when the number of loading cycles is
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Figure 7: Effect of different loading patterns on stress-strain curves of specimens. (a) Specimens of group R-A. (b) Specimens of group L-C.
(c) Specimens of group H-D. (d) The ratio of yield strength to ultimate tensile strength of three sets of specimens in different loading modes:

R-A, L-C, and H-D.

small, the influences of the number of cycles and the
maximum strain amplitude on the yield ratio of the spec-
imen are not significant.

3.3. Hysteresis Behavior. The energy dissipation capacity Em
[18] of the specimen can be measured by the area sur-
rounded by the load-displacement curve or stress-strain
curve. Figure 8 describes the hysteretic properties of spec-
imens with different thicknesses. Analysis of Figures 8(a)
and 8(b) shows that the energy dissipation capacity of the
specimen with 12 mm thickness is better than that of the
specimen with 6 mm thickness. The ultimate tensile strength
of 12mm thick material specimens is higher than that of
6mm thick material specimens. The experimental results
show that the thickness of the material specimen has a great
influence on the energy dissipation capacity of the specimen,
and the specimen with a larger cross section thickness has

better energy dissipation capacity than the specimen with a
smaller cross section thickness.

Figure 9 depicts a comparison of the hysteretic energy
values of specimens of groups A, C, and D under uniaxial
tension. The energy consumption of the group A specimens
without a welded joint is better than that of other specimens
with a welded joint. The energy consumption of the group D
specimens is better than that of the group C specimens. This
finding indicates that the welded joint reduces the energy
consumption of the specimen to a certain extent. In addi-
tion, the energy consumption of the specimens with welded
joints increases with the increase in the strength of the
welded steel.

The hysteretic energy plots for the H-D and L-D spec-
imens are depicted in Figure 10. The energy consumptions of
the H-D and L-D specimens increase with the number of
loading cycles. In loading modes NM10, NM9, and NM12,
the energy consumptions of the specimens improve



Advances in Civil Engineering

10

£
2

6 mm

12 mm

R R

NANNNNNNNNN

BRI

NNNNNN\\N

R R RS

500

400

300 -
200 -

=6 mm

L
t

12 mm

[RRRRRRRIIRIRIRIRLILIIIIIKIK

PRRIIERIIIERIIIKIERILRIIRRRS
RRRRRRRRRRRRIIERKIRRIRK

RRRRRIEIRRRKL:
BRRRRRRRRRRRRRIEEIR

PR IR R I IRERRIIERRRIRRRK
RRRRRRRRRRRRRRRIRIRRRRRIRRRRIIRRK

1400

1200

1000 +

800
600

((0F:

400

200

NM10 NMI11 NM12 NM13

NM9

NM1

v, H-C

NM2 NM3 NM4

NM1

(®)

(a)

FIGURE 8: Hysteresis energy of specimens with different welding steel. (a) Hysteresis energy of specimens with label A. (b) Hysteresis energy

of specimens with label C.

1400

1200 +

1000

800 -

600

((0):4

400 +

200 +

500

400 +

300 |

200 +

((0):4

100 +

L-C-1 L-D-1

L-A-1

H-D-1

H-C-1

(a)

H-A-1

(b

FIGURE 9: Hysteresis energy of specimens with different thickness. (a) Hysteresis energy of specimens with 6 mm thickness. (b) Hysteresis

energy of specimens with 12 mm thickness.

L-D-9 L-D-12 L-D-13

10

L-D-

12 H-D-13

H-D-10 H-D-9 H-D-

(®)

(a)

FIGURE 10: Hysteresis energy of material specimens under different thickness and loading modes. (a) Hysteresis energy of specimens with

label H-D. (b) Hysteresis energy of specimens with label L-D.



Advances in Civil Engineering

substantially. However, under loading modes NM12 and
NM13, the improvement in the energy consumption of the
specimen is no longer evident. Thus, the energy-con-
sumption capacity of the specimen increases substantially
with the increase in the number of cycles. Nevertheless, after
reaching a certain number of cycles, no significant im-
provement in the energy consumption can be observed.

3.4. Skeleton Curves. The skeleton curves for the specimens
of groups H and R are depicted in Figure 11(a). The analysis
of Figure 11(a) reveals that the initial stiffness and strength
of the group H specimens are greater than those of the group
R specimens. The bearing capacity of the group H specimens
in the late loading stage is lesser than that of the group R
specimens. This indicates that the stiffness and strength of
the plate specimens are higher than those of the rod spec-
imens in the initial loading stage. In the later stages of re-
peated loading, the load-bearing capacity of the plate
specimen becomes smaller than that of the rod specimen,
but its ductility is superior.

Figure 11(b) depicts a comparison of the skeleton curves
of the specimens with different thicknesses. The strength and
rigidity of the group L-D specimens are significantly higher
than those of the group H-D specimens. This implies that the
increase in thickness of the specimens has a significant
influence on their strength and stiffness. However, the
loading mode has no major effect on their stiffness.

The skeleton curves for the 6-mm-thick specimens of
groups C and D with welded joints are illustrated in
Figure 11(c). With an increase in the number of loading
cycles, the group C specimens possess higher stiffness than
that of the group D specimens. However, the strength of the
group D specimens is higher. This indicates that the strength
of the welding material has a significant influence on the
strength and rigidity of the specimen. The closer the strength
of the welding material is to that of the base material, the
higher the stiffness and strength of the specimen.

4. Finite Element Analysis

4.1. Finite Element Model. A finite element model of the
specimen with the design parameters of the Q460 steel was
established through the ANSYS program, as depicted in
Figure 12(a) Through comprehensive consideration of the
calculation speed, calculation accuracy, postprocessing re-
sults, and simulation phenomenon display, the finite ele-
ment model used an 8-node hexahedral solid element
SOLID 185. To facilitate convergence of the calculation
results, the specimen was divided using an element size of
2mm as the control parameter, and the finite element mesh
was close to a square. The node displacement corresponding
to the test loading strain was applied through the upper
clamped section, while the consolidation constraint was
applied via the lower clamped section. The multilinear
follow-up strengthening model, KINH, was selected, and the
constitutive relationship of the Q460 steel in the finite el-
ement model was defined by referring to the experimentally
measured stress-strain curve of the Q460 steel specimen, as
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depicted in Figure 12(b). Strain stretching was used to
control the strain amplitude of the finite element model.
Similar to the experimental study, when the tensile strength
of the finite element model drops by 15%, it is considered
that the model has undergone low-cycle fatigue failure [19].
It is worth noting that the finite element simulation part does
not consider the impact of welding.

4.2. Verification of the Finite Element Model. The failure
morphology comparison between the experimental test and
finite element simulation results of the specimen L-A-3 are
depicted in Figure 13. In Figure 13(b), it can be seen that the
model exhibits necking behavior. The actual deformation
form in the middle tensile section of the specimen is con-
sistent with the finite element simulation. In addition, the
finite element model can simulate the necking behavior of
the specimens under tensile failure. This implies that the
finite element model can accurately simulate the deforma-
tion characteristics of the Q460 steel specimens.

To further verify the accuracy of the finite element model
in the same loading mode as the experimental study, the
stress-strain curves of three groups of specimens, namely, L-
A-2, H-A-3, and H-A-5, were compared. As illustrated in
Figure 14, the strength, stiffness, and envelope area of the
finite element simulation curve and the test curve agree well.
This indicates that the finite element model established in
this study has high calculation accuracy. Q460 steel could
exhibit both kinematic and isotropic hardening character-
istics under cyclic loading, and therefore it is anticipated that
a combined kinematic/isotropic hardening model may ad-
equately capture its fundamental hysteretic behaviour [20].

4.3. Parametric Study. To further investigate the influence of
the length of the parallel tensile zone of the specimen, the
thickness of the specimen, the shape of the cross section, and
loading mechanism on the mechanical properties of the
Q460 steel specimen, 38 numerical simulation specimens
were designed. The designed parameters are detailed in
Table 6, where P and R represent specimens in a sheet shape
and a rod shape, respectively, and M represents the simu-
lation model. The loading patterns of the numerical simu-
lation specimen are illustrated in Figure 15.

To investigate the influence of the specimen dimensions
on the mechanical properties of the specimens, hysteresis
curves for the Q460 specimens with different dimensions
and cross-sectional shapes, under the repeated loading mode
NM19, were extracted. The abscissa € represents the average
strain of the intermediate tension section, and the ordinate o
represents the average stress of the cross section of the
intermediate tension section.

The hysteresis curves of the test specimens with tension
zones of different lengths are plotted in Figure 16. The test
curves of specimens P-M-1 and R-M-1 are plumper than
those of corresponding groups of specimens, and the deg-
radation behavior is not obvious. This indicates that when
the length of the tension zone is small, the hysteresis curve of
the specimen is plumper and the degradation of the curve in
the later stages of the loading cycle is more gradual. When
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TaBLE 6: Summary of dimensions of specimens in simulation models.
Specimen label Parallel length L (mm) Thickness ¢ (mm) Loading patterns
P-M-1 30 10 NMI19
P-M-2 35 10 NM19
P-M-3 40 10 NM19
P-M-4 45 10 NM19
P-M-5 50 10 NM19
P-M-6 55 10 NM19
P-M-7 60 10 NM19
P-M-8 50 5 NM19
P-M-9 50 7.5 NM19
P-M-10 50 12.5 NM19
P-M-11 50 15 NM19
P-M-12 50 10 NM17
P-M-13 50 10 NM18
P-M-14 50 10 NM20
P-M-15 50 10 NM21
P-M-16 50 10 NM22
P-M-17 50 10 NM23
P-M-18 50 10 NM24
P-M-19 50 10 NM25
R-M-1 30 14 NM19
R-M-2 35 14 NMI19
R-M-3 40 14 NM19
R-M-4 45 14 NMI19
R-M-5 50 14 NM19
R-M-6 55 14 NMI19
R-M-7 60 14 NMI19
R-M-8 50 10 NMI19

R-M-9 50 12 NM19
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TaBLE 6: Continued.

Specimen label Parallel length L (mm)

Thickness t (mm) Loading patterns

R-M-10 50 15.5 NMI19
R-M-11 50 17 NM19
R-M-12 50 14 NM17
R-M-13 50 14 NMI18
R-M-14 50 14 NM20
R-M-15 50 14 NM21
R-M-16 50 14 NM22
R-M-17 50 14 NM23
R-M-18 50 14 NM24
R-M-19 50 14 NM25
12 12
10 + 10 +
8t 8+t
g 6} g 6l
w w
41 41
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t t
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F1GURE 15: Loading patterns of the numerical simulation specimens (s). (a) Loading pattern NM17. (b) Loading pattern NM18. (c) Loading
pattern NM19. (d) Loading pattern NM20. (e) Loading pattern NM21. (f) Loading pattern NM22. (g) Loading pattern NM23. (h) Loading

pattern NM24. (i) Loading pattern NM25.

the length of the tension zone of the specimen is large, the
area of the hysteresis loop is small and the degradation of the
curve in the later stages of loading is more evident.

The hysteresis curves of the plate specimens with dif-
ferent thicknesses and rod specimens with different diam-
eters were evaluated. As illustrated in Figure 17, for
specimens P-M-11 and R-M-5, which have large cross-
sectional dimensions, the hysteresis curve is broader, and

during the later stages of loading, the curve degrades more
gradually. This result indicates that the cross-sectional area
affects the energy consumption of Q460. As the cross-sec-
tional area of the specimen increases, its energy con-
sumption and plastic deformation capability also increase.

The hysteresis curves for specimens with different cross-
sectional areas were plotted. As depicted in Figure 18, the
hysteresis curve of the group P plate specimens is plumper
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than that of the group R rod specimens, and degradation of
the hysteresis curve is more gradual during the later stages of
loading. This indicates that for the same cross-sectional area
and loading mode, the hysteresis curve of the plate specimen
is broader than that of the rod specimen of the same ma-
terial. The plate specimen also exhibits better plastic de-
formation capability during the later stages of loading.

4.4. Effect of Various Parameters

4.4.1. Influence of the Length of the Tension Zone. The
skeleton curves of the rod specimens with different lengths of
the tension zone under the repeated loading mode NM19
were analyzed. As depicted in Figure 19, the length of the

tension zone has a significant influence on the skeleton curve
of the Q460 specimens. It can be concluded from Figure 19(b)
that in the reverse compression loading stage, as the length of
the tension zone of the specimen increases, the deterioration
of the skeleton curve becomes more significant and the
strength degradation becomes more evident. Moreover, from
Figure 19(c), in comparison with the forward tensile loading,
specimens RM-5, RM-6, and RM-7, which have large tensile
lengths are less rigid in the reverse compression loading stage
and their skeleton curves deteriorate substantially. These
results indicate that the peak load and curve envelope area of
the specimens decrease with the length of the tension zone
when the length of the tension zone is greater than 50 mm.
However, when the length is less than 50 mm, it has less
influence on the skeleton curve of the specimen.
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4.4.2. Influence of the Diameter of the Tension Zone. The
skeleton curve of the group R rod specimens with different
diameters in the tensile zone under the repeated loading
mode NM19 was analyzed (Figure 20). From the analysis of
Figure 20(a), in the reverse compression loading stage, the
peak load and envelope area of the curve decrease as the
diameter of the tension zone is reduced for specimens RM-8,
RM-9, and RM-5, which have smaller tension zone diam-
eters. The skeleton curve deteriorates considerably.
Figure 20(b) reveals that the diameter of the tension zone has
a major influence on the skeleton curve of the Q460 spec-
imens. In the reverse compression loading stage, the smaller
the diameter of the specimen, the more pronounced the
deterioration of the skeleton curve and the more obvious the
decrease in its strength. As can be observed in Figure 20(c),
specimens R-M-5, R-M-10, and R-M-11, which have large
diameters in the tension zone and small diameter differ-
ences, do not exhibit a significant difference in their skeleton
curves. This indicates that the diameter of the tension zone

has a major influence on the skeleton curve of the specimen
when the diameter of the tensile zone of the specimen is less
than 10 mm. As the diameter of the tension zone decreases,
the bearing capacity and energy consumption of the spec-
imen also decrease gradually.

4.4.3. Effect of Cross-Sectional Shape. The skeleton curves of
specimens with different cross-sectional shapes were plotted
and evaluated (refer to Figure 21). Figure 21(a)-21(c) depict
the skeleton curve comparisons for the plate specimens and
the rod specimens under the equal-amplitude repeated
loading mode (NM19 and NM20) and the variable ampli-
tude repeated loading mode NM21. In comparison with the
results of the rod specimen of the same area, the rigidity of
the plate specimen is larger, curve degradation of the later
stage of loading is flatter, and strength and energy con-
sumption are greater. These indicate that the skeleton curve
of the specimen is affected by the cross-sectional shape.
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4.4.4. Impact of the Loading Mechanism. The skeleton
curves of the plate specimens of groups P and R in different
loading modes were evaluated. As depicted in Figure 22, as
the number of loading cycle increases, the decrease in
strength of the specimen in the later loading stages becomes
more evident. Therefore, with the increase in the number of
loading cycles, the effect of fatigue accumulates continuously
in the specimens, thereby causing a significant decrease in
strength.

4.5. Analysis of Stiffness Degradation. To study the degra-
dation in stiffness of Q460 under repeated loading, the
secant stiffness was used to quantitatively analyze the
stiffness degradation of the specimens. The calculation
formula of the secant stiffness K is

_ |+ol +|-0]
el +-el

(1)

where +¢ and —¢ are tensile strain and compressive strain at
each displacement loading, respectively, where as +0 and —¢
are the stress values corresponding to +¢ and —e.

4.5.1. Influence of the Length of the Tension Zone. The secant
stiffness diagrams for the rod specimens of groups P and R
under the repeated loading mode NM19 were analyzed. As
depicted in Figure 23(a), the initial stiffness of specimen
P-M-7 is larger than those of specimens P-M-1 and P-M-4,
and the rate of stiffness degradation is faster. This indicates
that the length of the tension zone has a considerable in-
fluence on the secant stiffness of the plate specimen. The
larger the length of the tension zone, the greater the initial
stiffness and performance degradation of the specimen. It
can be observed from Figure 23(b) that the secant stiffness
behaviors of specimens P-M-1 to P-M-3 are almost coin-
cident. This implies that the length of the tension zone has
less influence on the initial secant stiffness and degradation
rate when the length of the tension zone of the specimen is
less than 40 mm. Moreover, from Figure 23(c), a large
difference in stiffness degradation rate at the end of loading
between the group R specimens was observed. Hence, the
length of the tension zone has a greater influence on the
stiffness degradation of the rod specimens during the later
stages of loading. The greater the length of the tension zone,
the more pronounced the degree of stiffness degradation.
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Thus, the stiffness degradation of the specimen is affected by
the length of the tension zone.

4.5.2. Influence of the Size of the Tension Zone. The secant
stiffness diagrams for specimens with different dimensions
of tension zones loaded with the repeated loading mode
NM19 are illustrated in Figure 24. It can be observed from
Figure 24(a) that the initial stiffness of specimen P-M-8 is
larger than those of specimens P-M-9 and P-M-10, and at
the later loading stages, the curves of these three specimens
are nearly consistent. These observations indicate that the
smaller the thickness of the plate specimen, the greater the
initial stiffness. Meanwhile, the thickness has less influence
on the stiffness of the plate specimen during the later stages
of repeated loading. It is evident from Figure 24(b) that the
initial stiffness of specimen R-M-8 is considerably higher
than those of specimens R-M-10 and R-M-11. In addition,
the stiffness of specimen R-M-8 degrades more rapidly at the

later loading stage. This indicates that the smaller the di-
ameter of the rod specimen, the greater the initial stiffness.
Moreover, the degradation rate of the specimen during the
later loading stages is faster than that of the plate specimen.
Therefore, the thickness of the plate specimen and the di-
ameter of the rod specimen have varying degrees of influ-
ence on the specimen stiffness.

4.5.3. Effect of Cross-Sectional Shape. The secant stiffness
diagrams for plate specimens and rod specimens with the
same loading mode are plotted in Figure 25. As shown, the
initial stiffness of the group P specimens is larger than that of
the group R specimens and the secant stiffness degradation
of the group P specimens is more gradual. Hence, the initial
stiffness of the plate specimens is greater than that of the rod
specimens. In addition, during the later stages of repeated
loading, the stiffness of the plate specimen deteriorates more
gradually.
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5. A Model for Tensile Strength

Finite element simulation analyses for high-strength steel
under repeated loading conditions are complicated. More-
over, it is difficult to directly calculate the tensile strength of
high-strength steel specimens under repeated loading. To
facilitate the application of Q460 high-strength steel ma-
terials in earthquake engineering based on the experimental
research and numerical analysis results, a formula for cal-
culating the tensile strength f,, of Q460 steel under repeated
loading is derived. It is noted that the effect of welding is not
considered in the equation

o ) ea(%)-1 @

where ¢, is the yield strain measured during uniaxial tension
of a Q460 high-strength steel specimen, f,' is the yield
strength measured by uniaxial tension, e, is the
maximum strain value applied in loading patterns (NMI,
NM2, etc), and fu' is the tensile capacity of the material

under repeated loading. Based on the experimental and finite
element simulation results, we used the Lev-
enberg-Marquardt method and universal global optimiza-
tion method to fit the formula and finally obtained the
optimal values of the parameters ¢ and A. ¢ and A are pa-
rameters related to the length (L) and thickness () or di-
ameter (D) of the tensile zone of the specimen. n is the
number of loading cycles. ¢ =-7.1025 + 0.1415L — 0.0138¢ +
0.0009n and 1=2.6714-0.0317L +0.0081¢—0.002n. It is
noted that the value of t is parallel thickness for sheet-shaped
specimens, while the value of t is parallel diameter for rod-
shaped specimens.

The values of the tensile strength fu' of the Q460 steel
specimens under repeated loading were calculated using
formula (2). And a comparison of f,'/f,’ was made between
the test results and finite element analysis results. As
depicted in Figure 26, the errors between the data from
formula (2) and the experimental test results are less than
4%. Furthermore, the errors in comparison with the finite
element model results are less than 6%, indicating that the
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formula (2) can accurately calculate the tensile strength of
Q460 steel under repeated loading.

6. Conclusion

To investigate the mechanical properties of Q460 steel and
its weld zone, an experimental study was conducted on
Q460 specimens with welded joints under repeated tension
and monotonic tension. The stress-strain curve and skel-
eton curve of the specimen with different specimen
thicknesses, welding connections, and loading modes were
obtained through experimental tests, and the mechanical
properties of the Q460 steel specimen were analyzed. From
the experimental results, it was found that the mechanical
properties of welded specimens with welded joints are
affected by the thickness of the specimen and the strength
of the steel. In particular, for Q460 specimens welded with
different consumables, the specimen welded with higher
strength materials presents better ductility but has lower
tensile strength.

Moreover, a finite element simulation model of Q460
specimen under repetitive loading mode was established,
and skeleton curves of the specimen were obtained. The
analysis found that reducing the length of the tension zone of
the Q460 specimens and increasing the cross-sectional area
can improve its energy-consumption and plastic deforma-
tion capabilities. In addition, for the same cross-sectional
area and loading mode, the energy consumption of the plate
specimens is superior to that of the rod specimens. Fur-
thermore, the stiffness degradation of the specimen was
quantitatively analyzed by secant stiffness, and the length,
size, and cross-sectional shape of the tensile zone all affected
the stiffness of the specimen.

Finally, based on the experimental research and nu-
merical analysis results, the design formula for the calcu-
lation of tensile strength of Q460 under low-cycle fatigue
load is proposed, which can provide a reference for its
application in seismic engineering.
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Nomenclature

t: Thickness of specimen

o:  Cross-sectional stress of the specimen
E:  Elastic modulus of the specimen

f,+ Yield stress
f Maximum tensile stress
g,  Strain corresponding to the maximum tensile stress fu

gy Yield strain

& Corresponding strain when the tensile strength drops
by 15%

Slfu: Yield ratio

W:  Elongation

E,: Hysteresis energy

N:  Number of cycles

L:  Parallel length of the sheet-like specimen

D:  Diameter of rod-shaped specimen

+&: Tensile strain at each displacement loading

—&: Compressive strain at each displacement loading

+0:  Stress values corresponding to +¢

—o:  Stress values corresponding to —

Yield strain measured during uniaxial tension of a

Q460 high-strength steel specimen

f,/s  Yield strength measured by uniaxial tension

€max: Maximum strain value applied in loading patterns

f.:  Tensile capacity of the material under repeated
loading.
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