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Abstract
Ultra-low cycle fatigue (ULCF) damage is one of the main failure modes of steel bridge piers when subjected to severe 
earthquake. However, existing experimental and numerical studies aiming at ULCF damage of steel piers almost adopt the 
uniaxial loading strategy, which is different from the real seismic motion. To make up for this problem, the ULCF behavior 
of steel piers under horizontal bidirectional cyclic loads was investigated in this paper. A two-level zooming analytical system 
was presented first to save computational cost of the ULCF assessment of steel piers. Its applicability and cost-efficiency 
were numerically and experimentally verified through detailed elaboration. And based on this, a series of numerical work of 
piers under horizontal bi-directional and unidirectional cyclic loads were carried out. The relationship between the ductile 
durability and pier parameters was studied with the help of a micro-damage mechanism-based ULCF assessment method and 
an energy assumption-based evaluation index. Results showed that compared with the unidirectional loads, bi-directional 
loads could bring about significant deterioration in the ULCF resistance of piers. The relative ductility capacity of steel piers 
under bi-directional cyclic loads is approximately consistent as width-to-thickness ratio and slenderness ratio change, and 
enhances as axial compression ratio increases.

Keywords Ultra-low cycle fatigue · Steel pier · Finite element analysis · Parametric investigation · Bidirectional cyclic 
loading

1 Introduction

Ultra-low cycle fatigue (ULCF) damage is one of the main 
failure modes of steel structures under severe earthquakes. 
During the 1994 Northridge Earthquake in America (Miller, 
1998) and the 1995 Kobe Earthquake in Japan (Nakashima 
et  al., 1998), various degrees of ductile fracture were 
observed at the welded frame connections and the bottom 
of steel bridge piers. Characterized by ductile cracking, this 
failure mode is aroused by extremely high strain fluctuations. 
Local ductile cracks are firstly formed after dozens or even 
10 cycles of plastic damage, and further propagate under 

the subsequent cyclic loads, which leads to the final struc-
tural failure. The plastic deformability of steel cannot be 
fully utilized before the structure fails. Such ductile fracture 
behavior was replicated in subsequent experimental inves-
tigations (Chou & Chen, 2020; Ge et al., 2013; Jia et al., 
2015; Li et al., 2022, 2024). So far, researchers have reached 
consensuses on the cracking behavior and the harmfulness 
of the ULCF damage.

Great efforts have been devoted to investigating the ULCF 
assessment methods of steel structures. Based on the micro-
mechanism that the ductile fracture is closely related to the 
local stress triaxiality and plastic strain histories in the dam-
age area (Rice & Tracey, 1969), various evaluation meth-
ods have been developed. Typically, these methods can be 
divided into two categories. The first category is the damage 
models based on the micro-damage mechanisms, such as the 
cyclic void growth model (CVGM) developed by Kanvinde 
et al. (2007), and the continuous damage model (CDM) 
improved by Tong et al. (2016), which directly take the 
local stress triaxiality history and the plastic strain history 
as the computational parameters. Although these methods 
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are clear in logic, their implementations require very refined 
solid finite element (FE) analysis, wherein the mesh size in 
the vulnerable position should be set in accordance with 
the material characterized length l* (usually 0.2–0.4 mm) 
(Kanvinde et al. 2004). This stipulation imposes great com-
putational burden. To reduce the calculation cost, some 
empirical methods, referred as the second category, were 
also proposed, including the ULCF assessment method 
based on the fiber analysis (Yu et al., 2024), the displace-
ment history-based evaluation criteria (Xie et al., 2020) and 
the modified Coffin-Manson model applied in a wide range 
of stress triaxiality (Peng et al., 2024). Although these meth-
ods do not need the refined solid simulation in the form, 
their implementation are still based on a large amount of 
numerical work as the prerequisites, in which the calcula-
tion of local stress triaxiality and local plastic strain history 
are also required. In one word, the acquisition of local stress 
triaxiality and plastic strain histories based on the refined FE 
analysis is indispensable for ULCF assessment using current 
assessment methods.

There are also various numerical investigations on the 
ULCF properties of steel piers by applying above prediction 
methods. For instance, Chi (2016) compared the effects of 
above two types of evaluation methods on elastoplastic anal-
yses of steel piers, and proposed several empirical formulae 
between the crack initiation life and structural parameters; 
similar parametric investigations for the influence of the 
design parameters on the ULCF damage evolution of steel 
piers were also conducted by Liao (2018) and Tang et al. 
(2021, 2022) conducted experimental and numerical analy-
sis on the mechanical properties of structural steel under 
a wide range of pre-fatigue damage, and a set of empiri-
cal relationship between the ultimate strength of steel piers 
and the pre-damage levels was established. However, these 
studies were all based on the unidirectional cyclic loading 
protocols. Since the real seismic excitation are complex and 
multi-directional (Bousias et al., 1996; Wong et al., 1993), 
applying the ductile behavior regulations derived from 
these investigations to the practical engineering guidance 
is unconvincing. What’s more, the experimental investiga-
tions for the effects of multi-directional load histories on 
the mechanical behavior of steel piers carried out before by 
Watanabe et al. (2000) and Goto et al. (2005, 2009) have 
shown that both the capacity and deformability differ greatly 
between biaxial response and uniaxial response. Hence, the 
study of biaxial-properties of ULCF performance for steel 
piers is of great necessity.

To make up for the problems mentioned above, the ULCF 
performance of steel piers under lateral biaxial cyclic loads 
is calculated and discussed, according to an accurate, yet 

cost-efficient analytical system. In this paper, the research 
objects are briefly introduced first. Then a two-level zoom-
ing analytical system for the ULCF assessment of steel piers 
was presented. Its efficiency and correctness of the ductility 
computation was verified numerically and experimentally with 
sufficient elaboration. Based on this, the ductile performance 
of the stiffened steel box piers related to the structural param-
eters was extensively examined by conducting a series of FE 
analyses, with detailed discussion. The work done in this paper 
can provide the reference for the seismic design of steel piers 
in practical engineering.

2  Steel Piers and Loading Protocols

2.1  Steel Piers

The steel pier with stiffened box section were selected as the 
research object in this paper, whose outline and cross-sectional 
details are shown in Fig. 1a. To provide an effective engineer-
ing guidance, both the material selection and the manufac-
turing process of steel piers applied in this paper refer to 
the practical engineering application: (1) Piers are made of 
Q345qC steel, which is a commonly used material in Chinese 
steel bridges; (2) Full penetrating welding process is adopted 
for the connection of stiffening plates and end plates. And the 
detailed welding process flow is presented in Fig. 1b, by which 
the distribution of base material and weld material is identi-
fied. The main structural parameters of steel piers include the 
slenderness ratio λB, the width-to-thickness ratio RR, the axial 
compression ratio P/Py and the relative stiffness of stiffeners. 
The calculation of λB and RR are formulated as (Ge et al., 2013; 
Zhuge et al., 2020):

where h is the height of piers; r denotes the radius of rotation 
in deformed direction; B is the width of flange; t is the thick-
ness of stiffening plate; nr is the number of regions divided 
by stiffeners in stiffening plate; ν = 0.3, is the Poisson’s ratio. 
Stipulated by the design code (Ministry of Transport of the 
People’s Republic of China, 2015), the stiffener’s relative 
stiffness is defined and limited as follows:
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Fig. 1  Stiffened box steel pier structure and cyclic load pattern a structural form; b Full penetrating welding process; c C1 protocol



 International Journal of Steel Structures

 where γ and γt denote the relative stiffness of longitudinal 
stiffeners and diaphragms respectively; Il and It are bending 
moment of inertia of a single longitudinal stiffener and a 
single diaphragm, respectively; D´ is the bending stiffness 
of steel plates per unit width; a is the spacing of transverse 
partitions; ts and bs are the thickness and width of vertical 
stiffener respectively; γ* represents the optimal stiffness ratio 
of stiffeners, which is defined by Eq. (5); α = a/B, is the spac-
ing ratio of the diaphragm.

In past investigations (Goto et al., 2005, 2009; Watanabe 
et al., 2000), it was found that the mechanical properties of 
steel piers, such as the overall stiffness evolution, the critical 
capacity and the energy dissipation ability are closely related 
to the slenderness ratio λB, the width-to-thickness ratio RR and 
the axial compression ratio P/Py. Thus, these three structural 
parameters were applied in this paper to investigate its effect 
on the ULCF performance of steel piers under horizontal bi-
directional cyclic loads. Catering to the practical engineering, 
λB was determined in the range of 0.20–0.50; RR was deter-
mined in the range of 0.25–0.45; and P/Py ranged from 0.10 to 
0.30. Based on these, 16 steel piers were designed, in which 4 
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piers were loaded unidirectionally, termed with “UN”, and 12 
piers were loaded bi-directionally, termed with “BI”. Table 1 
exhibits the geometric dimensions and design parameters of 
these piers. In terms of the naming format of different pier 
structures Sxx-xxPxx, S indicates steel pier, and the subse-
quent three numbers represent the slenderness ratio, width-
to-thickness ratio and axial compression ratio, respectively. 
Taking pier S20-30P15 as an example, it is indicated λB equals 
to 0.20, RR equals to 0.30 and P/Py equals to 0.15.

2.2  Bidirectional Cyclic Loading Protocols

The biaxial load is the combination of a vertical constant pres-
sure P and lateral cyclic displacements δX and δY applied at 
the top of piers, representing the dead load transmitted from 
the superstructure and the seismic loads, respectively. As for 
the unidirectional loading process, there is only δX for lateral 
cyclic displacement. According to the experimental conclu-
sions of steel piers studied by Watanabe et al. (2000), the 
biaxial-linear loading path at 45° along the sectional spindle, 
which is the most vulnerable condition of bi-directional cyclic 
loading patterns, was adopted in this paper. The oblique dis-
placement δbi is formed as:

 where δX and δY are the decomposed displacements along 
the two sectional axes respectively. As shown in Fig. 1c, the 
C1 protocol, with 0.5 times of δybi as the cyclic displacement 
increment per cycle, was utilized. The δybi represents the 
yield displacement along the 45° direction of the main axis, 
and there is a simple conversion relationship: δybi=1∕

√
2

·δx0. Suggested by Ge et al. (2013), the yield displacement 
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√
�2
X
+�2

Y

Table 1  Geometrics of designed 
piers

Loading type No.  h/m  B/m  W/B nr t/m ts/m  bs/m  a/m

BI S20-25P15 2.50 0.825 1.0 3 0.024 0.024 0.076 0.4125
S20-30P10 2.50 0.825 1.0 3 0.020 0.020 0.067 0.4125
S20-30P15 2.50 0.825 1.0 3 0.020 0.020 0.067 0.4125
S20-30P20 2.50 0.825 1.0 3 0.020 0.020 0.067 0.4125
S20-30P25 2.50 0.825 1.0 3 0.020 0.020 0.067 0.4125
S20-30P30 2.50 0.825 1.0 3 0.020 0.020 0.067 0.4125
S20-35P15 2.50 0.825 1.0 3 0.017 0.017 0.060 0.4125
S20-40P15 2.50 0.825 1.0 3 0.015 0.015 0.055 0.4125
S20-45P15 2.50 0.825 1.0 3 0.013 0.013 0.050 0.4125
S30-30P15 3.75 0.825 1.0 3 0.020 0.020 0.067 0.4125
S40-30P15 5.00 0.825 1.0 3 0.020 0.020 0.067 0.4125
S50-30P15 6.25 0.825 1.0 3 0.020 0.020 0.067 0.4125

UN S20-30P10 2.50 0.825 1.0 3 0.020 0.020 0.067 0.4125
S20-30P15 2.50 0.825 1.0 3 0.020 0.020 0.067 0.4125
S20-35P15 2.50 0.825 1.0 3 0.017 0.017 0.060 0.4125
S30-30P15 3.75 0.825 1.0 3 0.020 0.020 0.067 0.4125
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δx0 of steel box columns along the main sectional axes is the 
composition of the bending yield displacement δB0 and the 
shear yield displacement δS0, which is formulated as:

 where I is the moment of inertia; κ is the shear nonuniform-
ity coefficient of the section, taken as 5/6; G is the shear 
modulus; Hx0 denotes the uniaxial yield thrust, determined 
by the smaller value of Eq. (8); My is the yield moment; 
PE, Pu and Py represent Euler’s buckling load, the ultimate 
strength and the yield axial force, respectively.

3  FE Models

3.1  Analytical System

Given the severe difference between the characteristic length 
l* of the metal and the macro size of piers, the two-level 
zooming strategy based on the sub-model technique was 
advised in this paper to overcome the great computational 
burden imposed by the ULCF assessment. As illustrated in 
Fig. 2a, the first level zooming is constituted of the global 
model and the sub1 model; the second level zooming is con-
stituted of the sub1 model and the sub2 model. The whole 
analytical system was implemented on the commercial FE 
platform ABAQUS.

The global model includes the whole content of the 
pier, in which a small range at the top is modelled by beam 
element to transfer the loads, and the rest is modelled by 
four-node thick shell element (referred as S4R) to reflect 
the potential local buckling behavior of the steel plates. 
The welding details are ignored in the global model. The 
followed sub1 model represents a part of the pier bottom, 
entirely modeled by eight-node reduced integration solid 
element (referred as C3D8R). In this model, the geometry 
of weld is reflected, meshed with a mesh size rougher than 
l*. To cater to the change of bending stress along the thick-
ness direction of the plates, at least 4 layers of solid ele-
ments are suggested (Shi & Zhou, 2006). The final sub2 
model is used to simulate the weld, and its mesh size is 
controlled at 0.2 mm, corresponding to the l* of Q345qC 
steel (Liao, 2018). According to the Saint–Venant principle, 
the exposed surfaces of each sub-model are kept at least 1.5 
times the width or thickness away from the calculated area 
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to ensure the reliability of the strain and stress solution of the 
area of interest, such as 1.5B or 1.5t. The Chaboche hybrid 
hardening model is applied to accurately express the cyclic 
metal plasticity. And the constitutive constants of Q345qC 
steel and its weld material refer to our previous study (Liao, 
2018). As for the operation of these three models, the sub1 
model applies the interpolated nodal displacement solu-
tion of the global model as the displacement controls on its 
exposed boundaries. Similarly, the sub2 model is driven by 
the processed results of sub1 calculations.

A typical micro-damage mechanism based ULCF damage 
assessment model, the CVGM (Kanvinde et al., 2007), was 
applied to give a reference of the ductility judgement of steel 
piers. This model has two main issues: the nonnegative 
cyclic void growth index VGIcyclic and the cyclic void capac-
ity index VGIcritical

cyclic
 , which are formulated as:

 where the upper and lower limits of the integral in Eq. (9), 
ε1 and ε2, represent the equivalent plastic strain at the start 
and end of each tensile cycle and compressive cycle, respec-
tively; T represents the stress triaxiality, derived by the ratio 
of hydrostatic pressure σm and mises stress σeq; 
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 , signifies the incremental equivalent 

plastic strain; η and λ symbolize the initial ductility capacity 
and damage degradation constants, separately; �accumulated

p
 is 

the cumulative equivalent plastic strain at the start of each 
tensile cycle. It is assumed that ULCF fracture occurs when 
DI = VGIcyclic

/
VGIcritical

cyclic
⩾ 1 . According to our previous 

study (Xie et al., 2020), these two constants of Q345qC steel 
were taken as η = 2.03 and λ = 0.10 in this paper.

3.2  Numerical Verification

The numerical verification involves the comparison 
between the simulated results derived from the two-level 
zooming analytical system and the conventional FE mod-
eling. For the convenience of the FE computation of the 
conventional modeling, a scaled steel pier was applied 
here, with pier height of 0.25 m, flange width of 0.08 m, 
stiffening plate thickness of 0.002 m, stiffer thickness 
of 0.002 m and stiffener width of 0.01 m. This pier was 
loaded under the C1 protocol depicted in Fig. 1c. The 
FE model established based on the hybrid FE modeling 
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strategy, which is a commonly used method applied in 
recent researches (Tang et al., 2021; Wang et al., 2018; Xie 
et al., 2018), was adopted as a numerical comparison, as 
shown in Fig. 2b. Very refined mesh size, corresponding to 
the material characterized length l*, is locally partitioned 

in the four corners. Displacements between beam elements 
and shell elements are coordinated by MPC coupling, and 
the shell-to-solid coupling is used for the connection of 
shell elements and solid elements.
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The numerical comparison is summarized in Fig. 3, includ-
ing the cumulative plastic strain (PEEQ) history and stress tri-
axiality (T) history. The comparison of PEEQ histories shown 
in Fig. 3a suggests a gradually increased error as the load pro-
gresses. The maximum error is 1.26%, which is of an accept-
able range. Comparisons in Fig. 3b suggest a good correlation 
between stress histories, except some sections where stress 
changes rapidly. In these sections, the relative error can be up 
to 40%, which is far beyond the trusted range. Noticing that 
the existing ULCF assessment method are all implemented 
based on the integration of the stress triaxiality on the PEEQ 
increment, attempts were made to plot these two types of data 

in an identical coordinate system to make a better judgement 
of the huge errors, which is shown in Fig. 3c. The dPEEQ 
means the cumulative plastic strain increment between adja-
cent computational steps, and ΔT denotes the absolute error 
of T of the two types of numerical analyses. As plotted, the 
plastic strain increment is almost zero for all sections with 
large error of T. Thus, such huge errors do little to the ULCF 
damage evaluation under this condition. Besides, it is common 
that the step increment for nonlinear FE analysis varies greatly 
as the calculation condition changes. In sections where the 
stress changes rapidly, even a small alternation in time step can 
bring about a huge change in the display of results. The great 
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error shown in Fig. 3b may not exist. Further still, the fracture 
initiations Nfn obtained by CVGM are 11.46 cycles and 11.48 
cycles for the hybrid FE models and the two-level analytical 
system, respectively. They are very close to each other. The 
computational costs listed in Table 2 also gives the evidence 
to the great cost-efficiency brought by the two-level zooming 
analytical system.

3.3  Experimental Verification

The application of the analytical system was also verified 
experimentally. In our previous studies of the seismic perfor-
mance of steel pier (Li et al., 2022), two steel pier specimens, 
SP-A and SP-B were tested. Table 3 lists the geometrics of 
these two piers. Pier specimens were fixed between the top 
beam and the foundation by high-strength bolts. The enforced 
cyclic displacement was along the 45° direction of the sec-
tional main axis. The loading protocol was C1 loading proto-
col, as shown in Fig. 1c.

Figure 4a shows the hysteresis curves comparison between 
the FE analysis and test. It can be observed that some pivotal 
properties, such as the structural stiffness revolution, peak 
capacity, and skeleton curve shape, keep good consistency 
between the two. The ULCF initiations derived from the tests 
and numerical work are listed in Table 3, termed as Nft and Nfn, 
respectively. And there are only slight errors between them. 
The damage evolutions for the most critical element of the 
two pier specimens are presented in Fig. 4b and c shows the 
equivalent plastic strain nephogram near the weld toe and the 
ULCF cracks observed in the test. It can be found that the 
plastic strain is highly concentrated at the corner element, and 
the ductile cracks also initiated at this vulnerable site, provid-
ing the evidence for the reliability of ULCF assessment of the 
analytical system.

From the numerical and experimental verification dis-
cussed above, it can be concluded that the presented two-level 

zooming analytical system is feasible and convenient for the 
ULCF analysis of steel piers.

4  Parametric Investigation

Following the modeling procedures of the two-level zoom-
ing analytical system, all 16 steel piers designed in Table 1 
were analyzed. Their ductile fracture assessment results are 
summarized in Table 4. Besides, nonlinear dynamic analyses 
were carried out on piers S20-30P10, S20-30P15, S20-35P15 
and S30-30P15 with unidirectional and bidirectional seismic 
wave inputs, respectively. The selected seismic wave is the 
Northridge earthquake recorded by the LDM station in 1994, 
which is one of the representative examples of near-field seis-
mic motion. Its acceleration time histories in the east–west 
(EW) and north–south (NS) directions are shown in Fig. 5a. 
And Fig. 5b–e present the ULCF damage evolution of the four 
piers. It is apparent that there is a huge discrepancy of the 
ULCF damage initiations under unidirectional cyclic loads and 
bidirectional cyclic loads. This attests that in comparison with 
unidirectional loading patterns, not only the hysteretic behav-
iors (Goto et al., 2005, 2009; Watanabe et al., 2000), but also 
the ductility capacity has a significant deterioration for piers 
loaded bi-directionally. The necessity of the investigation on 
ULCF performance under such vulnerable loading conditions 
is further indicated.

As illustrated in Fig. 1c, the applied cyclic loading proto-
col is controlled by yield displacement of each pier member. 
Under this controlling pattern, the equality of the plastic dete-
rioration degree for different structures can be ensured. Only 
in this way can the comparison between different structural 
members be feasible. Generally, although the ULCF initiation 
life calculated by CVGM does reflect the ductility resistance 
to a certain extent, the discrepancy in load histories cannot 
be included. In other words, Nfn is only suitable and mean-
ingful for ULCF evaluation and comparison under the same 

Table 2  Comparison of 
computational costs

Items Hybrid FE models Two-level zooming 
models

Total number of elements 458,013 8170 + 180,760 + 14,598
Time of analysis 3292 (min) 6 + 362 + 21 = 389 (min)
Solution data file size 54.3 GB 0.9 + 24.5 + 1.6 = 27.0 

GB
Physical memory usage 39.5 GB 15.6 GB

Table 3  Geometrics of pier 
specimens

No.  h/m  B/m  W/B  hf/mm nr t/mm  ts/mm  bs/mm  a/m Nft Nfn

SP-A 1.25 0.32 1.0 7.4 3 7.4 7.4 39 0.16 7 8
SP-B 0.65 0.20 1.0 7.4 2 7.4 7.4 34 0.10 7 7
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working condition. However, due to the loading differences 
between different pier members, the ULCF life Nfn cannot be 
applied as the direct judgement for the parametric comparison. 
Given that, the comparison of the ductile capacity of different 
piers was conducted by applying an energy dissipation-based 
evaluation index DE as a supplement in this paper, which is 
determined by the ratio of totally absorbed energy to the elastic 
energy stored. The total energy consumption is calculated by 
the area enclosed by the load-displacement hysteretic curve 
from the load beginning to the final ductile cracking. While 
the stored elastic energy is computed by the area enclosed by 
the monotonically loaded load-displacement curve from the 
beginning to the yield, regarded as a mechanical character-
istic of the structure. It is deemed that the larger the value of 
DE, the stronger the ductility resistance of the structure. This 
nondimensional energy dissipation-based evaluation index 
eliminates the influence of the loading discrepancy, provid-
ing a more projective measure for the response of ULCF per-
formance. Based on this, detailed parametric discussions of 
biaxial-ULCF behavior are presented below.

4.1  Effects of Width‑to‑Thickness Ratio RR

The analyses of series S20-RRP15-BI piers reflect the influ-
ence of parameter RR on ULCF performance of piers under 
horizontal bi-directional cyclic loads. From Fig. 6a, it is 
observed that the fatigue initiation life decreases slightly 
with the increase of RR, except for the pier S20-45P15-BI. 
For the PEEQ history regulation, this abnormal fluctuation 
also appears in the pier S20-45P15-BI, as plotted in Fig. 6b. 
The continued decline existing in initial cracking lives with 
the increase of RR is of an intelligible mechanic law, while 

the fluctuation occurred in pier S20-45P15-BI is an abnor-
mality. To have a reasonable illustration, comparison was 
made for the plate deformation of these five piers at the 
instant of ULCF initiation, as shown in Fig. 6d. It is found 
that under the same loading amplitude, the local buckling 
damage is prone to occur in steel plates with the increase 
of RR. And this is especially prominent for the pier S20-
45P15-BI. The decrease of plastic damage concentrated at 
the weld joint of pier S20-45P15-BI may be caused by the 
shared plastic deformability generated from the plates’ local 
buckling, and this prolongs the fatigue initiation life.

A further insight into the effect of the variation of plate 
thickness is obtained by the energy dissipation-based index 
DE, which is presented in Fig.  6c. Results suggest that 
although a certain pattern between the initial cracking life 
Nfn and width-to-thickness ratio RR is observed, the energy 
dissipation ability from initial loading to final fracture fluc-
tuates within a quite small range. More specifically, the 
change of plate thickness contributes little to the relative 
ULCF resistance improvement of piers.

4.2  Effects of Slenderness Ratio λB

The analyses of series SλB-30P15-BI piers reflect the influ-
ence of parameter λB on ULCF performance of piers under 
horizontal biaxial cyclic loads. The trend exhibited in Fig. 7a 
indicates a processive decrease of ULCF life Nfn with the 
increase of λB, and this is also proved by the comparisons 
of PEEQ histories depicted in Fig. 7b. Attention should be 
paid that in the parametric study of ULCF behavior of steel 
piers under unidirectional cyclic loads carried out by Chi 
(2016), conclusion was drawn that the fracture initiation 
life is substantially retained as λB changes. While in another 
parametric investigation, which was also under the unidirec-
tional cyclic loading conditions, Liao (2018) found that the 
fatigue initiation life increases with the enhancement of λB. 
All of these are quite different from the regulation obtained 
in Fig. 7a. On the one hand, it is noted that the parameter λB, 
which represents the slenderness of piers, is merely defined 
based on the pier geometrics. One of the computational fac-
tors in Eq. (1), the r, is computed along the sectional spindle 
only. The calculated parameter r varies scarcely for the uni-
directional and bidirectional loaded piers. The description 
of pier slenderness is confusing when subjected to complex 
loads such as biaxial-circular form. Thus, potential reasons 
for these huge discrepancies may be the blurred descrip-
tion of piers’ slenderness. The relation between loads and 
pier slenderness needs a further modification. On the other 
hand, in the parametric investigation of parameter λB, lat-
eral loads vary greatly from each other as the height of pier 
changes according to Eqs. (7–8). The ULCF life Nfn, which 
is expressed in the number of loading cycles, cannot take 

Table 4  Results of ULCF fracture initiations (unit: half cycle)

Loading type No. Nfn

BI S20-25P15 10.76
S20-30P10 7.75
S20-30P15 10.74
S20-30P20 12.79
S20-30P25 12.79
S20-30P30 18.88
S20-35P15 9.80
S20-40P15 9.74
S20-45P15 9.76
S30-30P15 8.76
S40-30P15 7.78
S50-30P15 7.71

UN S20-30P10 69.78
S20-30P15 88.62
S20-35P15 85.74
S30-30P15 81.76
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into account the load discrepancies. Standard is lost when 
using Nfn for the analysis of parameter λB.

As plotted in Fig. 7c, the relation of the ULCF property 
and slenderness ratio λB is further explained by the dimen-
sionless index DE. Noticing the yield displacement-based 

loading protocol, it can be safely concluded that within 
the same plastic degradation degree, the relative ULCF 
resistance of piers with various λB is approximately con-
sistent. In practical engineering, undergoing the same seis-
mic excitation, a higher bridge pier design is suggested to 
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have a stronger ULCF resistance. This is further supported 
by the observed differences in damage evolution between 
piers S20-30P15 and S30-30P15 under seismic excitations 
(Fig. 5).

4.3  Effects of Axial Compression Ratio P/Py

The analyses of series S20-30P/Py-BI piers reflect the influ-
ence of parameter P/Py on ULCF performance of piers under 
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horizontal biaxial cyclic loads. Results in Fig. 8a show an 
obvious enhancement of Nfn as P/Py increase, and this varia-
tion is also implied by the PEEQ histories plotted in Fig. 8b. 
Similar conclusions were also admitted in parametric studies 
under unidirectional cyclic loads carried out by Chi (2016) 
and Liao (2018). Besides, indicated by Fig. 8c, for piers 
under the same plastic degeneration cycles, a higher P/Py 
would bring about a stronger relative energy absorbability. 
The huge discrepancy lies in the comparison of different 
P/Py is in sharp contrast to the roughly consistency indicated 
by the above two parametric discussions, which suggests 
that the relative ductility resistance of steel piers is more 
susceptible to axial comparison ratio P/Py.

There are two possible reasons that contribute to the 
regulations derived above. On the one hand, according to 
Eqs. (7–8), the increase of P/Py would cause a great reduc-
tion of the lateral displacement amplitudes. Under the yield 
displacement-based loading patterns, the decreased lateral 
loading amplitude weakens the plastic damage concentrated 
at weld joints, which further affects the ULCF performance. 
On the other hand, from the perspective of micro-damage 
mechanism, the increased pressure may inhibit the growth 
of the micro void at welded joints, and then strengthens its 
ULCF resistance, which can be used to illustrate the increase 
of the relative ductility shown in Fig. 8c.

5  Conclusion

In this paper, an effective ULCF simulation system for 
ULCF computation of steel piers was presented, and the ver-
ification of its reality and correctness were also performed 
numerically and experimentally. And based on this, a series 
of analytical work for ULCF performance of steel bridge 
piers were conducted, by which the discrepancy between 

uniaxial and biaxial ULCF behaviors, as well as the para-
metric properties of biaxial-ductility were investigated. The 
main conclusions are summarized as follows:

1. In comparison with the commonly applied hybrid FE 
modeling method, the presented two-level zooming ana-
lytical system can significantly reduce the computational 
cost while maintaining the results’ accuracy; and the 
error between experimental and numerical results is also 
acceptable.

2. Compared with pier members loaded unidirectionally, 
bi-directional cyclic loading pattern can lead to severer 
deterioration of the ULCF performance.

3. Under bi-directional cyclic loads, the relative ductil-
ity capacity of steel piers is approximately consistent 
as width-to-thickness ratio RR and slenderness ratio 
λB vary, and enhances as axial compression ratio P/Py 
increases. Among them, the ULCF performance of 
piers under bidirectional cyclic loads is more sensitive 
to parameter P/Py.

4. Within the same degree of plastic damage, the local 
buckling is prone to occur at stiffening plates in a thinner 
pier, as other parameters remain unchanged. The plas-
tic deformability produced by the local buckling could 
share the plastic degeneration accumulated at welded 
joints, which further prolongs the ULCF life. But the 
relative energy dissipation ability remains unchanged.

5. In contrast with other structural parameters of steel 
piers, it is found that the parametric regulations between 
ULCF capacity and the parameter slenderness ratio λB 
are more susceptible to loading dimensions. The influ-
ence of different loading modes on parameter λB needs 
further work.
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