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Abstract: This research investigates the influence of initial
imperfections on the seismic performance of steel hollow
piers, which are crucial components of bridges and other
critical structures. The study focuses on two main types of
initial imperfections: residual stresses and global geometric
imperfections, which are key parameters influencing the seismic
performance of thin-walled steel hollow piers. The goal is to
understand how these imperfections affect the pier’s ductility,
maximum energy dissipation capacity, and overall behaviour
under uni-directional cyclic loads which simulates the seismic
loading conditions. A numerical model was developed using
the finite element method (FEM), incorporating various
imperfection profiles and tested under different loading
directions. Parametric studies were conducted to observe the
effects of imperfections within permissible limits, as well as
beyond those limits. The results revealed thatthe residual stresses
had a negligible impact on seismic performance. However,
global geometric imperfections significantly influenced the
performance when the bend exceeded the allowable limit,
and loaded in line with the imperfection, which is particularly
critical. The study shows that global imperfections lead to a
significant reduction in maximum strength, with reductions
as high as 24% when loaded in line with the imperfection and
between 1% and 11% when loaded perpendicularly, and these
findings indicate that global imperfections play a dominant role
in failure modes due to lateral cyclic loading.

Keywords: Cyclic loading, FE modelling, geometric
imperfections, residual stresses, steel hollow piers.

INTRODUCTION

Steel hollow box piers, constructed from welded steel
plates, are widely used as essential lateral and vertical
force-resisting elements in structures such as bridges,
towers, flyovers, wind turbines, buildings, offshore
platforms, elevated storage tanks, and transmission towers
due to their compact cross-section and advantages such
as high earthquake resistance, strength-to-weight ratio,
and torsional stiffness (Kearns ef al., 1976; Thevega et
al., 2021). However, with global population growth and
rapid urbanization, structural damage due to seismic
events has become increasingly critical. Earthquakes are
among the most destructive natural disasters, causing
significant economic losses and casualties. Dense urban
populations and critical infrastructure in earthquake-
prone areas heighten the risks to vital structures like
bridges (Aoki et al, 2005). In Japan, for instance,
earthquakes between 1923 and 1983 damaged over 3,000
bridges, emphasizing the need for improved seismic
design (Kearns et al., 1976).

Traditional seismic design models primarily consider
constant axial loads and uni-directional forces. However,
real-world seismic movements are multi-dimensional and
highly complex. Research indicates that multi-directional
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cyclic lateral stresses impact thin-walled steel tubular
columns more severely than single-directional forces.
Global buckling under cyclic loading can significantly
reduce the strength and ductility of columns, increasing
their susceptibility to failure (Aoki et al., 2005). The
most common failure mode in steel columns of highway
bridge piers under lateral cyclic loading is excessive
lateral deformation caused by local buckling of steel
plates (Thevega et al., 2021). Both local and global
buckling contribute to strength and ductility reduction,
ultimately leading to failure.

Imperfections in fabrication of such structures are an
unavoidable circumstance. These imperfections can be
mainly categorized into three sections: residual stresses,
local geometric imperfections, and global geometric
imperfections (Sato et al., 2017). This study focuses on
the effects of global imperfections and residual stresses
on seismic performance. Early geometric imperfections
and residual stresses influence the initial stiffness and
strength of thin-walled structures under monotonic
loading (Mamaghani et al., 1996; Banno et al., 2005).
While previous studies, such as those by Jenothan et al.

AGYM Kumara et al.,

(2023), did not account for initial geometric imperfections
and residual stresses due to a lack of quantification in
tested columns, this study aims to bridge that research

gap.

The main focus of this study is to evaluate the
seismic performance of thin-walled steel hollow piers by
analyzing the effects of initial imperfections, including
residual stresses and global geometric imperfections.
A finite element (FE) model of the steel pier was
developed using ABAQUS software, with validation
achieved through comparison with experimental data
from Susantha et al. (2007). Parametric studies were
conducted numerically to assess the influence of residual
stresses and geometric imperfections. A selected residual
stress distribution from the literature was applied to
the model to examine its impact on seismic behaviour.
Various curved shape profiles with increasing deflection
values were introduced to evaluate global geometric
imperfections, as referenced by Sato et al. (2017), both
within and beyond permissible limits. The study also
analyzed how different loading directions influenced the
pier’s strength and stability.

Understand the current stage of research
on effect of initial imperfections
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Figure 1:

Flow chart of methodology
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In addition to these factors, key design parameters such
as axial load-to-yield load ratio (P/P,), width-to-thickness
ratio (Rf), and slenderness ratio (A) were examined in
relation to imperfections. The seismic performance was
evaluated by analyzing normalized ductility (J,,./6,) and
maximum strength capacity (H,../ H,), providing insights
into how imperfections affect the pier’s response during
seismic events.

MATERIALS AND METHODS
Methodology

Aresearch methodology was developed addressing all the
research gaps, leading to a parametric study. Following
validation of the numerical model, parametric studies
were conducted as outlined in the overall methodology
diagram shown in Figure 1, which presents a structured
approach, beginning with an initial literature review of
research on initial imperfections, followed by detailed
parametric studies targeting two imperfection types:
residual stress (RS) and global geometric imperfections
(GD).

Material properties

This study utilizes ABAQUS, a commercial finite
element software, to perform FE analysis, incorporating
both material and geometric nonlinearities throughout
the computation. Accurate material properties are
the main factor in obtaining realistic results through
numerical simulations. A number of material models for
common materials such as steel, concrete and various
composites are readily available in ABAQUS. Basic
material properties such as yield stress, ultimate stress,
Young’s modulus, and Poisson’s ratio, which determine
the behaviour of steel, were introduced to the software.
A combined hardening material model is employed,
incorporating the Von Mises yield criterion alongside
an associated plastic flow rule, effectively modeling the

Table 1:  Material properties (Susantha et al., 2005)
Parameters Values
Yield stress (Gy) 412 MPa
Young’s modulus (E) 206000 MPa
Ultimate stress (c,) 650 MPa
Poisson’s ratio (v) 0.276
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inelastic behaviour of materials under cyclic loading.
Normal-strength steel, specifically SM490 (Susantha
etal.,2005) grade as per Japanese Industrial Standards, is
used in this investigation. The detailed material properties,
consistent with those used by Susantha et al. (2005), are
provided in Table 1. A simplified bilinear material model
shown in Figure 2 was used for the analysis for efficient
computations without compromising the accuracy of the
results.
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Figure 2: Bilinear stress-strain steel model

Geometric details of columns

Figure 3 displays the longitudinal dimensions of the
modeled pier in a 3D view, highlighting cross-sectional
and diaphragm dimensions. The same cross-sectional
details were applied for validation and the residual
stress study, while the parametric analysis for global
imperfections included variations in cross-sectional
dimensions and pier heights.

Loading procedure

The loading setup in this study starts with an initial
axial force to represent the loads coming from the
superstructure, denoted as P, followed by the application
of unidirectional cyclic lateral loads. The axial force P
is represented as a ratio, P/P,, where P, refers to the
axial force at the yield stress of the steel, in a given
cross-section, set to 0.2 in this analysis. A uni-directional
cyclic load, which is varying according to the pattern
shown in Figure 4 was applied at the top of the model to
represent simplified earthquake condition while keeping
the constant axial load applied, as shown in Figure 5.
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Figure 3: Dimensions of modelled pier: (a) longitudinal, (b) cross-section and (c) intermediate diaphragms (all dimensions are in

millimetres)
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Figure 4: Cyclic loading pattern
A ‘perfect model,” which excludes any initial

imperfections, was developed in order to compare
the performances of the piers in which the initial
imperfections were introduced. In this model, the box pier,
longitudinal stiffeners, and diaphragms are represented
using four-node shell elements with reduced integration
(S4R) and five integration points through the thickness.
A fixed boundary condition is applied at the base, and
axial and lateral cyclic loads are introduced through a

lP

P - Axial force
& — Lateral cyclic loading

(given as displacements)

Figure 5: Loading arrangement

reference point linked to the top of the column via a
rigid connection. Observations from the previous studies
shows that the square box columns made of thin-walled
steel indicate that local buckling typically occurs between
the base and the bottom diaphragm near the column base.
The entire pier is meshed with a 25 mm S4R element size
as shown in Figure 6. Mesh convergence testing verified
that this mesh density provides accurate results while
keeping computational time manageable.
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Figure 6:
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Figure 8:

Numerical model with residual stress

This section evaluates the impact of residual stress on
the seismic behaviour of steel piers. The investigation
was based on the claim by Jenothan et al. (2023a) that
neither initial geometric imperfections nor residual
stresses from welding flange and web plates significantly
influence cyclic behaviour beyond the first half-cycle.
To verify this, a residual stress distribution proposed
by Susantha et al. (2005) was selected and applied to
the pier, as shown in Figure 7. A similar distribution

Calculated residual stress distribution values: (a) test pier and (b) stiffener

was also recommended by Yao & Fujikubo (2016) for
T-sections.

The proposed model for the residual stress distribution
accurately represents its effects on the pier, providing
the necessary details for precise stress modeling and
calculation. The residual stress is applied in the axial
direction following specified values, ensuring a realistic
representation in the numerical model. Figure 8 illustrates
the applied stress distribution, which is also incorporated
into the steel plate, stiffeners, and diaphragms.
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Figure 9: Global geometric imperfection modeling: (a) indication of the curved profile, (b) unidirectional

cyclic loading applied in +X-direction and (c) unidirectional cyclic loading applied in -X-direction

(d) unidirectional cyclic loading applied in Z-direction

Table 2:  Profiles of global geometric imperfections (Permissible
range: D < L/1500)
Profile Initial central deflection (D) Loading Direction
3/3
GI1 2141xm—1.427 mm
2/3 . .
GI2 2141 x —— =0.951 mm X - Direction
1500
2141 B 4
GI3 XlSOO_O' 76 mm
373
Gl 4 —_— =
2141 x 1500 1.427 mm
2/3
GIS 2141 x 500 0.951 mm 7 - Direction
2141 5 _ 0.476
Gl 6 X 1 500 mm
Table 3:  The selected values for the parametric study

Numerical model with

imperfections

global  geometric

The global geometric imperfection taken into account
is a bend in the steel pier, as suggested by Sato et al.
(2017). Therefore, the numerical model must integrate
this imperfection profile while maintaining the same
arrangement of stiffeners and intermediate diaphragms,
as illustrated in Figure 9. In the parametric study, a single
curved shape profile with varying bend amplitudes
was examined to analyze the way it is influenced by
unidirectional cyclic loading, as mentioned in Table 2.
The study identifies different cases of global geometric
imperfections based on the direction of cyclic load
application, as depicted in Figure 9 (b), (c) and (d).
The exaggerated shapes illustrating these profiles are
presented in Figure 9 (a) to provide a clear indication
of the curved profile. To further investigate the effect
of these bends, a parametric study was conducted using
steel piers with the same cross-sectional arrangement.

Width to thickness ratio - R ’

Slenderness ratio - A

Applied axial load to yield load ratio - P/ Py

0.5 0.3
0.6 0.4
0.7 0.5
0.8 0.6

0.15

0.20
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The selected values for the parametric study are provided
in Tables 2 and 3. The bend shapes are selected within
a range of 0 mm to 70 mm, both within and outside the
permissible range specified by Sato et al. (2017), where
the permissible deviation for global imperfections was
< L/1500. Global geometric imperfections are introduced
by modeling the curved shape in ABAQUS software.
The results obtained from these simulations are used
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to determine a fixed curvature for further studies on
the sensitivity analysis. The sensitivity analysis was
focused on the main design parameters of steel piers,
such as width-to-thickness ratio, slenderness ratio, and
axial load-to-yield load ratio, while keeping the stiffener
properties and loading arrangement constant. Tables 4
and 5 contain the critical data necessary to model the test
piers in this sensitivity analysis.

Table 4:  Essential values for modeling (P/P,=0.15) Table 5:  Essential values for modeling (p/p,=0.20)

No PP, R, A P(kN) 5, HJKkN) No  P/P, R, A P(kN) 8, H/(N)
1 0.15 050 030 90551 1075  469.06 17 020 050 030 120734 1017  443.78
2 0.15 050 040 90551 1870  343.61 18 020 050 040 120734 17.54  322.30
3 0.15 050 050 90551 2838  266.70 19 020 050 050 1207.34 2632 24732
4 0.15 050  0.60 90551 3930 21446 200 020 050 0.60 120734 3593  196.03
5 0.15 0.60 0.30 795.49 10.82 409.93 21 0.20 0.60 0.30 1060.65 10.24 387.84
6 0.15 0.60 040 79549  18.85  300.08 22 0.20 0.60 040 1060.65 17.69  281.48
7 0.15 0.60 0.50 79549 2855  233.24 23 0.20 0.60  0.50 1060.65 26.48  216.31
8 0.15 060  0.60 79549  39.68  187.13 24020 060 060 1060.65 3627  171.04
9 0.15 070 030 69105 10.70  353.03 25 020 070 030 92140 1012 333.99
10 015 070 040 69105 1850  259.54 26 020 070 040 92140 1735  243.46
11 015 070 050 691.05 28.14  201.18 27 020 070 050 92140  26.09  186.56
12 015 070 060 691.05 39.03  161.61 28 020 070 0.60 92140 3567 14771
13 015 080 030 60696 1042  308.77 29 020 080 030 80929  9.86 292.13
14 015 080 040 60696 1811 22635 30 020 080 040 80929 1699 = 21232
15 015 080 050 60696 2747 17577 31 020 080 050 80929 2547  163.01
16 015 080 060 60696 3812  141.16 32 020 080 060 80929 3484  129.02

RESULTS AND DISCUSSION
Validation of the numerical model

The importance of mesh density in getting accurate
results was checked through a mesh sensitivity analysis.
Figure 10 shows how different mesh sizes, from 50 mm
to 10 mm, affect base shear results. This confirms that
refining the mesh is necessary for reliable analysis. Based
on this, a 25 mm mesh size was selected for the study.

The loading pattern displayed in Figure 4 was applied
to the steel hollow column for model validation, with
reference to experimental data from Susantha er al.
(2007). The envelop curve of the FEM numerical model,
shown in Figure 11, demonstrates favourable agreement
with the experimental curve.

0.8
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-
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Mesh size (mm)

Figure 10: Variation of base stress with size of the mesh

Additionally, the numerical deformation shapes matched
precisely with those from the experimental study. Figure
12 illustrates a comparison of the buckling shape at the
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fixed base observed by Susantha et al. (2007) with the
buckling shape of the perfect model.
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Figure 12: Buckling behaviour: (a) experimental model and
Figure 11: Envelope (b) numerical model (Susantha et al., 2007)
S, Mises .
(MPa) S.Mises
12 (MPa)
412
206
207
0
24

(a)

(b)

Figure 13:

Model with residual stresses: (a) residual stress distribution of the pier and

(b) deformed shape and von Mises stresses after failure

Results of residual stress study

In this study, residual stress distribution derived from
Susantha et al. (2007) was incorporated into the test
model, which allowed us to evaluate its impact on the
seismic performance of steel hollow piers. A comparison
with an idealized model under similar seismic conditions

indicated that residual stress has a minimal impact on the
seismic behaviour of steel piers. Figure 13(a) provides
a visual representation of the stress distribution across
the pier following the application of residual stresses,
while Figure 13(b) illustrates the deformed shape and
corresponding stress values after being subjected to
lateral cyclic loading until failure.
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Figure 14 presents a comparison between the perfect
model (free from any initial imperfections) and the
performance of the model with residual stresses,
employing the envelop curve. Based on the results, the
effect of residual stress on the seismic performance
of steel hollow sections is negligible. The numerical
analysis and comparison with experimental data indicate
that the presence of residual stress does not significantly
alter the structural behaviour under seismic loading.

1.5

Perfect Model
——— RS Model

8/5y

Figure 14: Comparison of the perfect model performance and RS

model performance using envelop curve
Results of global geometric imperfections study

This section presents the results of the study on global
geometric imperfections. First, the permissible range was
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checked using the test pier, as described by Sato et al.
(2017). The results within this range are shown in Figure
15. Since there was no strength reduction within the
permissible range, we examined cases beyond this limit
(D,>L/1500), as shown in Figure 16. A significant effect
was observed when the bend profile was D, = L/50. This
condition was used for sensitivity analysis to evaluate its
impact on Ry, H/H,, and P/P,, as presented in Table 3.
The analysis was conducted for both X-direction and Z-
direction loading conditions.

Tables 6 and 7 present the results for 8pqx/8, of the
sensitivity analysis conducted in this study.

Table 6, 6imax /8y variation with Ry values for P/P, =
0.15 does not show a consistent trend in 8y,qx /8, changes
with different Ry values. In most cases, the Gmax/6y
decreases as the A value increases, although there are
instances where it increases significantly. The overall
tendency is a decrease in 8mqx /8, with rising A values,
but this variation occurs because 8,4, /8, is influenced by
multiple factors related to the cross-sectional parameters.
Additionally, with the inclusion of global imperfections,
the Omax/8, shows variation when compared to the
perfect model response. This indicates that &,,,,/8, is
indeed influenced by global imperfections. Further studies
with possible experimental work should be conducted to
identify a trend in variations of these parameters when
the models are subjected to global imperfections.

Tables 6 and 7 present the results for &,,4, /8, of the
sensitivity analysis conducted in this study.
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Figure 15:

Results on permissible range: (a) X-direction loading and (b) Z-direction loading
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Figure 16: Comparison of results with different D, values (a) X-direction loading, (b) Z-direction loading

Table 6:  8qx/8, variation with R, values for P/P,=0.15
X direction loading Z direction loading
g =
Q
: E
Q
g g
: E
S .
+
0.3 0.4 2 0.5 0.6 1
—&— Rf=0.5Parfect - -®—- Rf=0.5 Imperfect 0.3 0.4 0.5 0.6
—8— Rf=0.6 Perfect — =@ - - Rf=0.6 Imperfect by
———— Rf=0.7 Perfect - =@ = = Rf=0.7 Imperfect
RED. § Darfact ® - - Rf=0.8 Imperfoct —8— Rf=0.5 Perfect - =@ - Rf=0 5 Imperfect
—8— Rf=0.6 Perfect ==&~ - Rf=0 6 Imperfect
@ Rf=0.7 Perfect = =@ = - Rf=0.7 Imperfect
Rf=0.8 Perfect ® — - Rf=0 & Imperfect
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—=8— Rf=0.5Perfect —=®--Rf=0.5Imperfect
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=@ Rf=0.7 Perfect ~--@--Rf=0.7Imperfect
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Table 7:  8pqx /6, variation with R, values for P/P, = 0.20
X direction loading Z direction loading
=
- )
5 E =
= = )
g S E
= 15 =
s =
T
1
0.3 04 A 0.5 0.6
——8— Rf=0.5 Perfect = =@ == Rf=0.5 Imperfect 1
——8— Rf=0 6 Perfect = =@ == Rf=0.6 Imperfect 0.3 0.4 2 0.5 0.6
——0—— Rf=0.7 Perfect ——@ — - Rf=0.7 Imperfect
RE=0. 8 Perfect ® - RE=0.8 Imperfect —8— Rf=0.5 Perfect ——® - - Rf=0.5 Imperfect
——&—— Rf=0.6 Perfect = =® == Rf=0.6 Imperfect
—0—— Rf=0.7 Perfect ——® - - Rf=0.7 Imperfect
Rf=0.8 Perfect ©® - - Rf=0 8 Imperfect
]
(5}
=]
Q
g
I
5
' 1
0.3 04 0.5 0.6
A
=——— Rf=0.5 Perfect = =@~ = R{=0 5 Imperfect
—8— Rf=0.6 Perfect —=® -~ Rf=0.6 Imperfect
——8—— Rf=0.7 Perfect = =@~ = Rf=0.7 Imperfect
Rf=0.8 Perfect ® - - Rf=0. 8 Imperfect

For the case of P/P, = 0.20, a clear trend could not be
identified from the study either. However, similar to
the P/P, = 0.15 scenario, a reduction in Smax/8y with
increased A values was observed, as shown in Table 7.

Tables 8 and 9 present the results for Hpqx/H, of the
sensitivity analysis conducted in this study.

From above percentage reduction values, it can be
identified that the +X direction displacement heavily
affects the maximum strength of the pier. For the case
of R, = 0.8 and A = 0.6, there is a 24% reduction in
+X direction displacement, but less than 11% in the -X
direction. For the Z direction, both negative and positive
displacements exhibit similar behaviour due to symmetry,
with reductions ranging between 1% and 11%.
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Table 8:  Percentage reduction of Hp,qy/H,, (P/P,=0.15)
H /M
+X -X Z
R, A — a — @ — 3
=1 = =

0.3 1.25 1.18 5.49 1.25 1.25 -0.28 1.25 1.23 1.20

0.4 1.17 1.07 8.91 1.17 1.15 1.77 1.17 1.13 4.02

03 0.5 1.14 1.01 11.09 1.14 1.12 1.63 1.14 1.09 4.01

0.6 1.04 0.93 10.19 1.04 1.06 -2.39 1.04 0.97 6.25

0.3 1.22 1.13 7.77 1.22 1.19 2.71 1.22 1.19 2.98

0.4 1.16 1.02 11.71 1.16 1.08 6.53 1.16 1.10 4.88

00 0.5 1.12 0.97 13.41 1.12 1.08 3.67 1.12 1.08 3.45

0.6 1.02 0.88 13.70 1.02 1.05 -2.72 1.02 0.95 6.46

0.3 1.20 1.10 8.18 1.20 1.14 4.78 1.20 1.17 2.07

0.4 1.12 0.98 12.22 1.12 1.09 3.15 1.12 1.06 5.00

07 0.5 1.09 0.93 15.20 1.09 1.05 3.86 1.09 1.04 4.62

0.6 1.00 0.81 18.92 1.00 0.98 1.94 1.00 0.92 8.38

0.3 1.17 1.04 10.86 1.19 1.13 5.39 1.16 1.08 7.27

0.4 1.10 0.90 18.60 1.11 1.07 3.57 1.10 1.01 8.13

08 0.5 1.04 0.86 17.06 1.07 1.03 4.01 1.03 0.98 4.85

0.6 0.98 0.79 20.05 0.97 0.92 5.37 1.00 0.90 10.20

Table 9:  Percentage reduction of Hy,qy/H, (P/P, =0.20)
max/Hv
+X -X ' zZ

Rf A — a — a — 3

ES E S
0.3 1.28 1.19 7.62 1.28 1.28 0.37 1.28 1.25 2.46
0.4 1.17 1.07 8.71 1.17 1.16 1.05 1.17 1.15 2.12
03 0.5 1.13 1.02 10.15 1.13 1.13 0.08 1.13 1.10 2.50
0.6 1.07 0.90 15.34 1.07 1.06 0.28 1.07 1.00 6.34
0.3 1.23 1.13 7.97 1.23 1.21 1.37 1.23 1.21 1.55
0.4 1.16 1.01 12.90 1.16 1.11 4.90 1.16 1.11 4.26
0.6 0.5 1.11 0.95 14.64 1.11 1.02 8.30 1.11 1.08 2.74
0.6 1.05 0.84 19.97 1.05 1.00 4.71 1.05 0.97 7.76
0.3 1.20 1.10 8.66 1.20 1.12 6.99 1.20 1.18 2.02
0.4 1.13 0.98 13.10 1.13 1.07 5.12 1.13 1.07 4.80
07 0.5 1.08 0.88 18.37 1.08 1.01 6.70 1.08 1.05 2.95
0.6 1.04 0.78 24.97 1.04 0.97 6.64 1.04 0.93 10.46
0.3 1.17 0.99 15.95 1.17 1.04 11.09 1.17 1.10 6.24
0.4 1.09 0.95 12.85 1.09 0.99 8.81 1.09 1.01 6.99
08 0.5 1.04 0.87 15.73 1.04 0.99 4.60 1.04 0.95 8.14
0.6 1.00 0.76 24.00 1.00 0.94 6.06 1.00 0.89 10.79
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Numerical study on steel pier imperfections

CONCLUSION

This section summarizes the key findings on how
residual stress and global geometric imperfections
impact the seismic performance of steel hollow piers.
The conclusions are drawn from parametric studies,
highlighting the effects of global imperfections, especially
residual stresses, on the overall behaviour of piers
under seismic loading. These findings provide valuable
insights into the role of global imperfections and lay the
groundwork for future studies on the combined effects of
multiple imperfections.

e The results indicate that residual stress minimally
impacts the seismic performance of steel hollow piers.
Comparisons with the perfect model reveal negligible
differences in ductility and maximum strength,
suggesting that residual stress does not significantly
influence failure modes or overall seismic behaviour,
and its effect is relatively minor in this context.

* Global geometric imperfections have a significant
impact on the seismic performance of steel hollow
piers when they exceed the permissible range
(D, > L/1500). The effect becomes more pronounced
as P/P, and XA values increase, indicating a strong
correlation between these parameters and the reduction
in ductility and strength (up to 24%) which emphasizes
the significance of considering the effect of global
imperfections in steel box piers in the design stages.
Additionally, the direction of loading relative to the
imperfection shape plays a critical role, with loading
towards the bend causing a more significant reduction
in performance compared to other directions.

* The direction of loading relative to the imperfection
profile notably affects seismic behaviour. Loading in
the +X direction results inamore pronounced reduction
in performance compared to the -X direction. In the
Z direction, although the behaviour is not perfectly
symmetrical, the observed differences are minor.
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