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ABSTRACT

ARTICLE HISTORY

High-strength concrete-filled high-strength square steel tubular (HCFHST) columns are vital structural elements in modern
constructions, such as high-rise and large-span structures, due to their superior strength and reliability. However, during
their services, they face challenges from vehicle collisions, which can compromise structural safety. To better understand
their dynamic behaviours under vehicle collisions, dynamic constitutive relations for high-strength materials at high strain
rates have been verified, firstly. Then, based on the verified simulation model, the working mechanisms of HSCFST
columns under truck collision, including internal force development, damage evolution, and energy-dissipation
mechanisms, are revealed. Furthermore, the influence of sectional dimensions, steel tube thickness, column height, axial
compression ratio, material strengths, vehicle weight, and collision velocity on the anti-collision performance of HSCFST
columns is presented. Simulation results indicate that HCFHST columns experience flexural deformation during collisions,
and the cargo impact stage is the primary stage for plastic deformation development. The greatest bending moment occurs
at the bottom, while the greatest shear force appears at the impact height. As deformation progresses, the steel tube becomes
a critical internal force bearing component. The collision velocity, vehicle weight, sectional dimensions, steel tube thickness
and steel strength are key factors affecting the anti-collision performance and energy-dissipating capacity of the HCFHST
columns. By selecting key parameters according to the parametric study results, the maximum displacement calculation
formula for HCFHST columns using the equivalent single degree of freedom method has been established, laying a
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foundation for the anti-collision design of HCFHST columns.

Copyright © 2025 by The Hong Kong Institute of Steel Construction. All rights reserved.

1. Introduction

Modern transportation means have become an indispensable component of
people's lives. Traffic safety issues like vehicle collisions are not infrequent and
have attracted extensive attention. When a vehicle collides with a building, the
consequences are likely significant, with the potential for substantial damage or
even structural collapse, resulting in many casualties and property losses.
Consequently, impact loads have emerged as a primary concern within civil
engineering. Current standards in different countries [1-4] apply the equivalent
static method for the anti-impact design, with the basic principle of applying a
static load at the collision height. However, this method cannot properly reflect
the dynamic behaviour of components to meet the safe requirements and
reasonable design. It fails to cover the effect of various parameters on the
dynamic response of components and underestimates the damage caused by
large trucks and comparable vehicles. Consequently, the revelation of the
working mechanisms and dynamic responses of components or structures can
facilitate their precise design.

The extensive utilization of high-strength concrete-filled high-strength steel
tubular (HCFHST) components in large-span and high-rise structures can be
attributed to their high bearing capacity, good ductility, lightweight nature, and
compact cross-sectional dimensions [5]. Consequently, researchers have
examined the anti-impact behaviour and failure mechanism of HCFHST
members through experimental research, numerical simulation, theoretical
analysis, and other research methodologies. As demonstrated by Han et al. [6],
high-strength concrete-filled steel tubular (HCFST) components exhibit
superior toughness and impact resistance in transverse impact tests. Furthermore,
a dynamic increase factor expression for the flexural capacity of HCFST
components has been proposed, considering steel strengths, steel ratios, cross-
sectional dimensions, and impact velocities. Hou et al. [7] have discovered that,
due to the distinctive dynamic mechanical properties exhibited by high-strength
steel, the impact resistance of CFHSST components is reduced when subjected
to high-energy impact conditions in comparison with that of ordinary CFST
components. Consequently, it was determined that CFHSST components may
manifest evident performance deficiencies when exposed to extreme conditions.
Yang et al. [8,9] have revealed the typical dynamic behaviours, loading
mechanism, and residual properties of square HCFHST components under
lateral impact with axial compression. A m-v-n failure criterion for HCFHST
components has been put forward, and the calculation formulas for lateral
impact bearing capacity and the maximum displacement calculation were
proposed Li et al. [10] demonstrated that HCFHST columns show flexural
deformation under impact loads and exhibit excellent impact resistance, as
confirmed by a lateral impact test. Additionally, a formula for calculating the
energy-dissipating coefficient for columns has been established. In the impact
test on HCFHST columns, the aforementioned scholars employed rigid trolleys

as a substitute for vehicles, thus neglecting the deformation and damage incurred
by vehicles. Moreover, the impact mass and velocity in the aforementioned
literature are comparatively minor in terms of vehicle collision, thus rendering
it unfeasible to undertake a thorough investigation of the failure modes of the
HCFHST columns under vehicle collision through the impact test. Consequently,
the information for anti-collision design for the HCFHST column is still limited.
Furthermore, due to the elevated expense and protracted duration of full-scale
vehicle impact tests, there is currently a lack of experimental research on the
dynamic performance of full-scale HCFHST columns in vehicle collisions.

Concerning vehicle impact loads, scholars have focused their research on
the dynamic performance of reinforced concrete (RC) piers. However, there are
comparatively few numerical simulations on concrete-filled steel tubular (CEST)
columns. Saini et al. [11] have verified the feasibility of replacing RC piers with
CFST piers through a comparison of the dynamic behaviours of those piers
under impact loads. Furthermore, the influence of the key design parameters of
CFST piers has been revealed, and the improvement directions of the impact
resistance design of CFST piers have been identified. Alam et al. [12] have
established a simplified rigid-body-spring model to simulate the vehicle impact
of'a Chevrolet C2500 truck on full-scale CFST components and those reinforced
with CFRP. By comparing the dynamic behaviours with or without the
simplified model, it is necessary to consider the vehicle deformation. Yu et al.
[13] conducted a study of the dynamic behaviours of CFRP-reinforced CFST
columns and CFRP-reinforced hollow steel tubes under vehicle impacts. The
findings indicated that CFRP-reinforced CFST columns exhibit superior impact
resistance in comparison to CFRP-reinforced hollow steel tubes. Hu et al. [14]
have conducted a study on the mechanical properties of CFST piers when
subjected to vehicle impacts. An evaluation of CFST piers has been conducted
by the United States, European, and Chinese standards, and the applicable
scopes of these standards have also been determined. In subsequent research,
Hu et al. [15] found that the ratio of the mid-span residual displacement to the
column height can be used as an effective index for evaluating the remaining
bearing capacity of the CFST columns. Consequently, a prediction model for
residual deformation has been formulated. Therefore, by drawing on the
research achievements of domestic and foreign scholars on reinforced concrete
piers under vehicle impacts, the present paper will examine the anti-collision
behaviour of HCFHST columns under vehicle collision.

In this paper, LS-DYNA is employed to analyse the anti-collision
behaviours and working mechanisms of HCFHST columns under vehicle
collisions. Furthermore, the impacts of parameters, including sectional
dimensions, steel tube thickness, column height, axial compression ratio,
material strengths, vehicle weight, and impact velocity on the anti-collision
performance of HCFHST columns are revealed. A maximum displacement
calculation formula of HCFHST columns under vehicle collision is proposed to
guide the engineering practice.
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2. Modelling of finite element (FE) models
2.1. Modelling

The FE models of the HCFHST column collide with the truck are built with
LS-DYNA, as illustrated in Fig. 1. As stated in reference [10], the
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE and
*CONTACT TIED _SURFACE TO SURFACE algorithms are chosen to
represent the contact within steel and concrete and the contact between steel and
steel, respectively. The friction coefficient of the steel-concrete interface and
steel-steel interface is taken as 0.6 and 0.15, respectively. To guarantee the
accuracy of the simulated results, the Ford F800 SUT developed by NCAC and
FHWA was used, which is available at
https://thyme.ornl.gov/FHWA/F800WebPage/description/desc2.html. The
model can accurately simulate truck-infrastructure interactions under impact,
failure modes of the vehicle and post-crash vehicle stability [11,15].

F800 SUT Heavy Vehicle
Steel Plate

HCFHST
column

oL

Steel Plate

Fig. 1 Established FE model
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2.2. Constitutive relations of materials

2.2.1. Selection of constitutive relations for high-strength steel (HSS)

The *MAT _024 is selected to perform the behaviour of HSS [10], with the
defined constitutive relation illustrated in Eq. (1). As stated in reference [15],
the relationship between yield strength (f;) and ultimate tensile strength (f;) has
been defined. Meanwhile, the CS model is selected to consider the strain rate
effect, and the calculation formula is shown in Eq. (2) [17]. To further confirm
the precision and applicability of the CS model and its material parameters, a
total of 84 sets of experimental data were collected [18-27], covering a range of
steel yield strengths from 420 to 1,000 MPa, and a range of strain rate variations
from 0.0002 to 5,293 s’!. The comparison of the collected test data with the
calculation results of Eq. (2) is demonstrated in Fig. 2. As exhibited in Fig. 2,
the data are distributed close to the prediction line of Eq. (2). The mean, standard
deviation (SD) and coefficient of variation (CoV) of the ratio of the calculated
DIF to the measured DIF is 0.90, 0.104 and 0.115, respectively. As
demonstrated in Fig. 2, the CS model, with material constants of C=6844s™' and
p=3.91, is capable of accurately reflecting the mechanical properties of HSS,
with a yield strength ranging within 420~1000 MPa and a strain rate ranging
within 0.0002~5293 s™'.
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Fig. 2 Verification of the accuracy of CS strain rate model for HSS

2.2.2. Selection of constitutive relations for high-strength concrete (HSC)

The *MAT_72R3 is selected to represent the mechanical properties of high-
strength concrete under triaxial compression. The DIF calculation formulas in
European specification CEB-FIP (2010) are adopted to reflect the strain rate
effect of HSC [28]. The calculation formula of DIF under compression and
tension are displayed in Egs. (3) and (4), respectively. To prove the precision
and applicability of the DIF calculation formula, 72 sets of experimental data
under dynamic compression [29-33] and 115 sets of experimental data under
dynamic tension [34-36] are collected, covering compressive strength ranging
within 60~120 MPa. Furthermore, the strain rate variations under dynamic
compression and dynamic tension are in the ranges of 0.005~496 s' and
0.0005~175 s, respectively. The collected results were compared with the
calculated results of Egs. (3) and (4), as shown in Fig. 3. The mean, SD, and
CoV of the ratio of DIF calculated by Eq. (3) and Eq. (4) to the experimentally

measured values are 0.97 and 0.89, 0.204 and 0.356, and 0.211 and 0.398,
respectively. This indicates that the DIF calculation formula proposed by CEB-
FIP (2010) can accurately reflect the mechanical behaviours of HSC with
medium and high strain rates.
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where, €. and €., are strain rate under compression and tension,
respectively; €. =30 X 107¢s71; and €., = 1 X 1076 s71.
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Fig. 3 Verification of the accuracy of DIF calculation formula for HSC

2.3. Model matrix

In this study, FE models are built to analyse the dynamic behaviours of
HCFHST columns under various parameters. A total of 36 full-scale models of
HCFHST columns, subjected to vehicle collision, have been established with
differing parameters, which are detailed in Table 1.

3. Working mechanisms

To analyse the working mechanism of the typical column, the collision
process, development of internal force, evolution of damage, and the energy
dissipation mechanism are analysed.

3.1. Collision process

The impact force time-history curve is displayed in Fig. 4(a), and the
displacement time-history curve is presented in Fig. 4(b). According to Fig. 4(a),
the entire vehicle impact process can be divided into four stages as shown below.

Bumper impact stage (230~249 ms): In the initial collision stage, the
bumper contacts the HCFHST column, with a collision height ranging between
520 and 1860 mm. This stage constitutes 18% of the total duration. The overall
impact force is minor, exhibiting an increase followed by a subsequent decrease.
Since the bumper stiffness is considerably lower than that of the HCFHST

column, the impact force achieves its first peak of 0.01Fax at 238 ms, where
Fnax 1s the maximum impact force throughout the collision process.
Subsequently, the impact force gradually attenuates due to the yield of the
bumper. In this phase, the column’s displacement is limited, with a displacement
of 0.02umax, Where uma denotes the maximum displacement throughout the
entire collision process.

Engine impact stage (249~265 ms): The engine has been found to undergo
a secondary collision with the bumper as a result of inertia, with the effective
collision height extending to 300~1890 mm. The duration of this stage
constitutes 15% of the entire collision process. Since the engine exhibits greater
stiffness than the bumper, the impact force and column deformation are
increased to a greater extent than in the preceding stage. The impact force arrives
a peak of 0.06F . at 255 ms, and the displacement of the HCFHST column
develops to 0.05u,,x at 260 ms, although this remains constrained.

Cockpit impact stage (265~325 ms): The cockpit contacts with the
HCFHST column, and the collision height is further extended to 300~2280 mm.
This stage occupies 56% of the total duration. Due to the significant difference
in stiffness between the cockpit and the HCFHST column, the cockpit is
eventually completely crushed. Consequently, the impact force is insignificant
at this stage, and its value is stable around 0.01F.. Furthermore, the
displacement of the HCFHST column exhibits stability, with a maximum value
0f 0.02umay. It is noticed that the displacement and impact force of the HCFHST
column do not significantly change at this stage.
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Cargo impact phase (325~337 ms): The cargo container continues to move
along the x-axis under the action of inertial force, and its collision range extends
to 300~3460 mm. This stage constitutes 11% of the total duration. The trajectory
of the cargo in the cargo container has been deflected due to constraints imposed
by the residual structure of the cockpit. The collision between the cargo and the
HCFHST column occurred at an angle of 2° to the x-axis, with the impact load
primarily concentrated at a height of 2240 mm. As the stiffnesses of the cargo
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and HCFHST are close, the impact force reaches its maximum of 157,902 kN at
326ms. Subsequently, the displacement reaches a peak of 65 mm at 334ms. Then,
once the kinetic energy of the cargo is depleted, the impact force gradually
decreases to 0 kN, leading to a displacement of 36 mm for the HCFHST column,
accompanied by a rebound rate of 55%. It has been determined that this stage
represents the main deformation development stage of the HCFHST column
under vehicle collision.

Table 1
Key model parameters and simulation results
No. B (mm) t (mm) L (mm) a(-) n(-) fy (MPa) feu (MPa) m (ton) v (m/s) E (k)
Cl 750 25 3900 12.9% 0.30 890 110 12000 333 6667
C2 750 25 3900 12.9% 0.30 770 110 12000 333 6667
C3 750 25 3900 12.9% 0.30 690 110 12000 333 6667
C4 750 25 3900 12.9% 0.30 620 110 12000 333 6667
C5 750 25 3900 12.9% 0.30 550 110 12000 333 6667
C6 750 25 3900 12.9% 0.30 460 110 12000 333 6667
C7 750 25 3900 12.9% 0.30 890 120 12000 333 6667
C8 750 25 3900 12.9% 0.30 890 100 12000 333 6667
C9 750 25 3900 12.9% 0.30 890 90 12000 333 6667
Cl10 750 25 3900 12.9% 0.30 890 80 12000 333 6667
Cl1 750 25 3900 12.9% 0.30 890 70 12000 333 6667
Cl12 750 25 3900 12.9% 0.30 890 60 12000 333 6667
C13 750 25 4200 12.9% 0.30 890 110 12000 333 6667
Cl4 750 25 4500 12.9% 0.30 890 110 12000 333 6667
Cl1s 750 25 4800 12.9% 0.30 890 110 12000 333 6667
Cl6 650 25 3900 14.8% 0.30 890 110 12000 333 6667
C17 700 25 3900 13.8% 0.30 890 110 12000 333 6667
C18 800 25 3900 12.1% 0.30 890 110 12000 333 6667
C19 850 25 3900 11.4% 0.30 890 110 12000 333 6667
C20 750 20 3900 10.4% 0.30 890 110 12000 333 6667
C21 750 22 3900 11.4% 0.30 890 110 12000 333 6667
C22 750 30 3900 15.4% 0.30 890 110 12000 333 6667
C23 750 25 3900 12.9% 0.20 890 110 12000 333 6667
C24 750 25 3900 12.9% 0.40 890 110 12000 333 6667
C25 750 25 3900 12.9% 0.50 890 110 12000 333 6667
C26 750 25 3900 12.9% 0.60 890 110 12000 333 6667
C27 750 25 3900 12.9% 0.30 890 110 8000 333 4444
C28 750 25 3900 12.9% 0.30 890 110 18000 333 10000
C29 750 25 3900 12.9% 0.30 890 110 5213.6 333 2896
C30 750 25 3900 12.9% 0.30 890 110 12000 16.7 1667
C31 750 25 3900 12.9% 0.30 890 110 12000 25.0 3750
C32 750 25 3900 12.9% 0.30 890 110 12000 41.7 10417
C33 750 25 3900 12.9% 0.30 890 110 12000 333 6667
C34 750 25 3900 12.9% 0.30 770 110 12000 333 6667
C35 750 25 3900 12.9% 0.30 690 110 12000 333 6667
C36 750 25 3900 12.9% 0.30 620 110 12000 333 6667

Note: B, ¢ and L are the cross-sectional dimension, wall thickness and column height, respectively; o denotes the steel ratio; 7 is the axial compression ratio; f; and f,
are the steel strength and concrete strength, respectively; m is the vehicle weight; v is the impact velocity; and £ is the impact energy.
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3.2. Development of bending moment

To analyze the damage evolution of the HCFHST columns, the bending
moment development is examined in this section. Fig. 5(a) depicts the bending
moment in the longitudinal direction at various characteristic points, where
‘Max’ and ‘Min’ denote the maximum and minimum value throughout the
collision process. The maximum bending moment is 14,174 kN-m at a height of
3000 mm, denoted as M. In contrast, the minimum bending moment, My, is
recorded at the bottom support, with a value of 15,091 kN-m. This indicates that
the greatest bending moment appears at the bottom. As demonstrated in Fig.
5(a), the bending moment remains low, at only 0.15My,, during the bumper,
engine, and cockpit impact stage. With the increase in displacement, the bending
moment of the HCFHST column begins to stabilize. During the cargo impact
stage, the bending moment gradually rises, ultimately reaching its maximum
value.

The bending moment of the HCFHST column and the bending moments
borne by each component at the My, section are illustrated in Fig. 5(b). As
exhibited in Fig. 5(b), the bending moment gradually increases to 1,520 kN-m
during the bumper and engine impact stage, with the bending moment borne by

4000
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the concrete increasing from 51% to 77% and the corresponding bearing
proportion of steel tube decreasing from 49% to 23%. This phenomenon can be
attributed to the overall stress of each component are relatively low, as discussed
in Section 3.4. During the cockpit impact stage, the bending moment continues
to rise, reaching 2,217 kN-m. The increased stress in the steel tube causes an
increase in the bending moment, which grows to 29% of its initial value.
Consequently, this results in a 6% decrease in the bending moment carried by
the concrete. These analyses indicate that concrete is the key component
carrying the bending moment during the bumper, engine, and cockpit impact
stages. Consequently, the bending moment exhibited a gradual increase,
attaining its maximum at 337 ms. Due to the concrete damage and the high stress
in the steel tube, the bearing bending moment of the concrete has dropped to 2%,
implying that the steel tube constitutes the main bending moment bearing
component in the main displacement development stage. In summary, the
HCFHST columns produced the greatest bending moment at the bottom under
vehicle collisions. In the initial impact stage, concrete is the main component
that bears the bending moment in the HCFHST column. Conversely, in the main
displacement development stage, the steel tube becomes the critical component
that bears the bending moment.
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80 |-
S || sa0 || 54%
64%
68% 9
oL 7% 71%
98%
40 |
9% 1| a6% | | 6%
20 36%
32 29% ’
23%
0 L L L L L L L L >
230ms 238ms 249ms 255ms 265ms 325ms 326ms 337ms
Time (ms)

(b) Development of the bending moment at Mmin section

Fig. 5 Development of bending moment of typical column

3.3. Development of shear force

To analyse the damage evolution of the HCFHST column, the shear force
development of the HCFHST column is determined. Fig. 6(a) illustrates the
shear force at various characteristic points along the longitudinal direction,
where ‘Max’ and ‘Min’ mean the maximum and minimum shear forces observed
during the collision process. The maximum shear force, Sy, is recorded at
44,647 kN, while the minimum shear force, Sy, is -29,725 kN, both occurring
in the collision zone. This indicates that the greatest shear force is experienced
in that specific area. As depicted in Fig. 6(a), it is observed that the shear force
remains relatively low during the bumper impact, engine impact, and cockpit
impact stages, reaching a value of 0.18S,,.<. However, the shear force gradually
increases and reaches its peak in the cargo impact stage.

Fig. 6(b) displays the shear force development of the HCFHST column and
its components at the Sy.x section. As plotted in Fig. 6(b), the shear force
fluctuates between -1555 kN and 513 kN during the bumper and engine impact
stage, owing to low impact force, as explained in Section 3.1. In these stages,
the steel tube bears more shear force than the concrete, implying that the steel
tube is the critical components that bears the shear force. In the cockpit impact
stage, the shear force fluctuates in the range of -1094~1078 kN. During this
phase, the bearing shear force of the concrete exceeds that of the steel tube,
suggesting that the concrete becomes the main shear force-bearing component.
In the cargo impact stage, the maximum shear force reaches -44,647 kN at 326
ms, increasing the shear force bearing proportion of the steel tube to 15%, while
the shear force borne by the concrete decreases to 85%. Following this peak, the
shear force gradually declines. As the displacement progresses, the shear force
carried by the concrete decreases. At 337 ms, the shear force had dropped to
5,560 kN, with the concrete only bearing 20% of the shear force. In contrast, the

bearing shear force of the steel tube increased to 80%, indicating that the steel
tube becomes the primary component to bear the shear force as the displacement
progresses. In conclusion, the highest shear force occurs at the vehicle zone
during a vehicle collision, and the steel tube is the main component bearing the
shear force.

3.4. Evolution of damage

To examine the damage evolution of HCFHST columns during vehicle
collisions, the stress development and effective plastic strain for each
component of the HCFHST columns is analysed. Figs. 7 and 8 illustrate the
stress and equivalent plastic strain of each component. These figures
demonstrate that the HCFHST column undergoes bending deformation during a
vehicle collision, with the maximum displacement occurring at the mid-span.
During the first three impact stages, the Mises stress in the steel tube reaches
0.67f;, suggesting that only elastic deformation has occurred. In this phase, the
concrete predominantly undergoes plastic deformation at the point of impact,
with its principal stress increasing to 1.10f,. Notably, 15% of the concrete in the
mid-span section experiences plastic deformation. In the cargo impact stage,
plastic deformation is displayed at the impact location on the front collision
surface of the steel tube, while the concrete damage is mainly located at the
impact location. After the vehicle collision is concluded, the maximum plastic
deformation observed in the steel tube occurs at the mid-span section,
particularly in the corner area, with a value of 0.099. The concrete in this section
incurs complete damage. In summary, the HCFHST column exhibits bending
deformation in response to the vehicle collision, with the most significant
damage development occurring at the impact location.



Guo-Chang Li et al.

4000 =
3000 -
g - Sax=44,64TkN
g -29,725kN
g 2000 - Min
o —eo— Max
n —&— 230ms
—v— 238ms
1000 = —o— 249ms
255ms
—>—265ms
—e— 325ms
ok —e— 326ms
—*—337ms
L L L L
-40000 -20000 0 20000 40000 60000
Shear force (kN)

(a) Distribution of shear force at each characteristic point

Shear force (kN)

516

|:| Steel |:| Concrete

-87kN -657kN 96kN -55kN 53kN S13kN  -44,647kN  5560kN
100
13%
24% | | 21% | | 570, 20%
80 [
57%
o 85%
99%
87%
40 - 76% | | 79% | | 7304 80%
20 H 43%
15%
1 1 1 1 1 | 1 1

v

230ms  238ms  249ms  255ms  265ms  325ms  326ms  337ms

Time (ms)

(b) Development of the shear force at Smax section

Fig. 6 Development of shear force of typical column
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Fig. 7 Damage evolution of steel tube in typical column
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Fig. 8 Damage evolution of the concrete in typical column

3.5. Energy dissipating mechanism

Fig. 9 presents the time-history curves of energy and energy dissipated by
each component. As illustrated in Fig. 9, the hourglass energy to the total energy
(TE) ratio is less than 4%, confirming the reliability of the simulation. In the
bumper, engine and cockpit impact stage, the dissipated energy of the HCFHST
column is less than 0.0107FE, whilst the energy dissipated by the vehicle can
reach up to 0.2177E, indicating that the vehicle's deformation predominates in

energy dissipation. In the cargo impact stage, the vehicle's kinetic energy rapidly
decreases, with the HCFHST column dissipating 0.2747E. In this stage, the
dissipated energy of concrete and steel tube is approximately 30% and 70%,
respectively, indicating that the steel tube is the primary energy-dissipating
component. Meanwhile, the vehicle's dissipated energy rises to 0.2647E. In
summary, the HCFHST column dissipates less energy than the vehicle. The
cargo impact stage is the primary energy-dissipating stage, with the steel tube
playing a vital role in energy absorption.
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Fig. 9 Development of energy

3.6. Parametric analysis

The effects of parameters on the anti-collision behaviours of HCFHST
columns are investigated, and the detailed parameters and the corresponding
simulation results are shown in Table 1. The impact of parameters on dissipated
energy (Eqbs), maximum displacement (#max) and residual displacement () of
the HCFHST column is displayed in Figs. 10-12, respectively.

Changing sectional dimensions, steel tube thickness and material strength
consequently changes the flexural strength and/or flexural stiffness of the
HCFHST columns, affecting their dynamic behaviour during vehicle collisions.
As demonstrated in Figs. 10-12, increasing the sectional dimension from 650
mm to 850 mm, the E,,, of the HCFHST column reduced from 2560 kJ to 2330
kJ, representing a 10% reduction. The un,y decreased from 73 mm to 58 mm,
indicating a 26% drop, while the u,, remained almost unchanged. This reduction
in deformation and plastic energy dissipation is associated with the increase in
sectional dimensions, which enhance the column's flexural strength and stiffness.
When the steel tube thickness was increased from 20 mm to 30 mm, the E,,; by
the columns rises from 2310 kJ to 2500 kJ, exhibiting a 10% increase.
Additionally, the w#m. reduces from 66 mm to 56 mm, indicating an 18%
decrease, and the u,, diminishes from 35 mm to 31 mm, showing a 13%
reduction. These improvements are due to the thicker steel tube, the greater
flexural strength and stiffness of the HCFHST column, thereby improving its
anti-collision property. As the steel strength increases from 460 MPa to 890 MPa,
the Egs of the column reduces from 2600 kJ to 2460 kJ, representing a 6%
decrease. Furthermore, the #m.x reduces from 77 mm to 65 mm, indicating an
18% decrease, and the u,, diminishes from 53 mm to 36 mm, showing a 47%
reduction. It is evident that an increase in steel strength results in an
enhancement of the flexural strength of the HCFHST column, leading to an
increase in the impact resistance of the HCFHST column. When the concrete
compressive strength is modified within the range of 60~120 MPa, the
alterations in the FEgp, Uma, and uy, of the column remain within 10%. This
indicates that the effect of concrete compressive strength on the dynamic
behaviour of the HCFHST column was negligible. To summarize, it can be
concluded that the enhancement of the sectional dimension, the steel tube
thickness, and the steel strength can lead to a substantial enhancement on the
anti-collision performance of the HCFHST columns. Conversely, the concrete
compression strength exerts a minor influence on the anti-collision performance
of the HCFHST columns.

Increasing the column height, which raises the slenderness ratio, decreases
the bending resistance of the HCFHST column. When the column height is
increased from 3900 mm to 4800 mm, there is a minor influence on the energy
dissipation. However, a slight increase is noted in the maximum and residual
displacement, although this increase remains within 5%. Therefore, it can be
concluded that the anti-collision properties of the HCFHST column diminish
with increased column height. When the axial compression ratio rises from 0.2
to 0.6, the Ey, of the column increases from 2380 kJ to 2660 kJ, indicating an
11% enhancement. The increase in #max and uy, of the column also stays within
5%. As discussed in Section 3.4, the HCFHST column exhibits bending
deformation during a vehicle collision. As a result, a higher axial compression
ratio intensifies the second-order effect on the bending deformation of the
column caused by the axial force, ultimately leading to a reduction in the anti-
collision property of the HCFHST column.

The increase in impact mass from 5.2 tons to 18 tons led to a substantial rise
in Eyps, Which increased from 100 kJ to 5,040 kJ representing an addition of 49.4
times. The um,y rises from 4 mm to 95 mm, and the uy, of the column exhibited
an increase from 1 mm to 69 mm. Additionally, when the collision velocity rises
from 16.67 m/s to 41.67 m/s, the E,s also increased, from 322 kJ to 4,010 kJ,
demonstrating an increment of 11.4 times. The maximum displacement grows

from 18 mm to 82 mm, and the residual displacement of the column increases
from 5 mm to 52 mm.

The slopes shown in Figs. 10-12 reveal the impact of each parameter on the
dynamic behaviours of the HCFHST columns, ranked in descending order:
vehicle weight, impact velocity, sectional dimension, steel tube thickness, steel
strength, column height, axial compression ratio and concrete compressive
strength. Consequently, it is recommended to enhance the anti-collision
properties of HCFHST columns by raising the sectional dimension, steel tube
thickness, or steel strength.
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4. Calculation of maximum displacement

The literature has established a method for calculating the maximum
displacement of a column under impact, based on the ideal elastic-plastic model
and the equivalent SDOF method. This method assumes that the impactor's
kinetic energy is fully converted into the column’s internal energy. The formulas
for calculating elastic displacements (X;) and maximum displacements (Xy, impact)
are presented in Eqgs. (5) and (6), respectively. The main difference between this
study and the findings in the literature [37] is that, in this paper, the vehicle's
kinetic energy is not fully transformed into the HCFHST column’s internal
energy. Therefore, an energy dissipation formula for HCFHSTs column
subjected to vehicle collisions is proposed. This formula will be incorporated
into Eq. (6) to provide a more accurate calculation of the maximum
displacement of the HCFHST column under vehicle collision.

F,
X = ;y (5)
1 Eimpact
Xm,impact =3 [kLMkI(D1+a) + X] (6)

where, X, denote the elastic displacement of the HCFHST column under

. .. . . . 8M,
vehicle collision; the bending resistance, Fy, can be determined as F, = T”,

where M, is the flexural strength of the HCFHST column, and the calculation

formulas detailed in reference [38]; the stiffness, &, can be calculated with k =
192E1

, where EI is the flexural stiffness of the column; Xy jmpact T€presents the
maximum displacement of the column; kpy is the uniformly distributed mass
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coefficient, which is 0.33 with a fixed-fixed boundary condition; Ejypacc denotes
the impact energy; and « is the ratio of the HCFHST column mass to vehicle
weight.

Key parameters are selected based on the parametric study in Section 3.6.
The regression analysis is used to establish the relationship between the energy
dissipation and key parameters, with the prediction formula in Eq. (7). Fig. 13(a)
compares simulated and calculated energy dissipation, showing a mean of 1.005
and a SD of 0.031, with 92% of predicted values within a 5% error. These
analyses verify that the formula can accurately and precisely predict the energy
dissipation of the HCFHST columns. For maximum displacement, Eq. (7) can
be substituted into Eimpace in Eq. (6). Fig. 13(b) compares predicted and simulated
maximum displacements, generating a mean of 0.893 and a SD of 0.203, with
over 70% of predicted values within a 20% error. While the equivalent SDOF
method may slightly underestimate the maximum displacement during vehicle
collisions, the prediction accuracy remains acceptable within a 20% error range.
Thus, using the energy dissipation formula with the equivalent SDOF method
effectively predicts maximum displacement and provides useful guidance for
engineering practice.

Eqps = 2460f (m)f (W) () f(Of (BYf (L) M

where f(m) = 0.00285m? + 0.0917m — 0.52 , unit in ton; f(v) =
0.00095v2 + 0.0045v — 0.21 , unit in m/s; f(f,) =3.16x107 X f,* —
0.00056f, + 1.25, unit in MPa; f(t) = —0.00106t2 + 0.0604t + 0.16, unit
in mm; f(B) =—-1.16 X 107° x B2 + 0.0013B + 0.69 , unit in mm; and
f(L) = 4.54 x 1078 x L? — 0.0004L + 1.87, dimensionless.
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Fig. 13 Accuracy of calculation formula of energy dissipation and maximum displacement of HCFHST column under vehicle collision

5. Conclusions

This paper examines the dynamic performances of HCFHST columns under
vehicle collision through numerical simulations. A thorough analysis of working
mechanisms for the HCFHST column is conducted, covering the collision
process, the development of internal forces, the evolution of damage, and the
energy dissipation mechanisms. Through parametric analysis, the impact of
parameters such as sectional dimensions, steel tube thickness, column height,
axial compression ratio, material strength, vehicle weight and impact velocity
on the impact resistance is investigated. Additionally, prediction equations for
energy dissipation and maximum displacement of the full-scaled HCFHST
columns under vehicle collisions are proposed. Based on the simulation results,
the following conclusions can be concluded:

(1) The collected test data proves that the CS model and the CEB-FIP (2010)
formula accurately reflect the dynamic performance of HSS and HSC under
medium and high strain rate.

(2) The collision process can be categorised into four stages: bumper impact
stage, engine impact stage, cockpit impact stage, and cargo impact stage. Among
them, the cargo impact stage is the main dynamic behaviour stage of the column.
Throughout the entire collision process, the HCFHST column exhibits a bending
deformation. The HCFHST column dissipates energy lower than that of the
vehicle, and the steel tube, dissipating 70% of the energy within the HCFHST
column, is the main energy-dissipating component.

(3) Under a vehicle collision, the HCFHST column generates the greatest
bending moment at the bottom and the greatest shear force at the vehicle impact
zone. In the initial deformation stage, concrete is the critical internal force

bearing component in the HCFHST column. As the displacement progresses,
the steel tube takes over as the primary component bearing the internal force.

(4) The parametric results indicate that key factors influencing the dynamic
performances of HCFHST columns include impact velocity, impact mass,
sectional dimensions, steel tube thickness, and steel strength. Therefore, it is
recommended to improve the anti-collision performance of HCFHST columns
by raising the sectional dimensions, steel tube thickness, or steel strength.
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