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Abstract

An experimental investigation of circular concrete-filled steel tubular (CFST) columns subjected to very low-
elevation lateral impacts was performed. Six circular CFST members were prepared for lateral impact tests
according to the typical CFST columns in high-speed railway stations in China. The impact location was at the
height of the 2/9 column, which was determined according to the impact point between the running train and
the column. There were three variables in the tests: the thickness of the steel tube, the impact velocity, and the
axial load. The failure modes were determined in the tests, along with the time histories of the impact force
and the deflection at the impact location. A finite-element analysis was performed to examine the effects of the
axial load and scaling on the maximum deflection. According to the travelling plastic hinge theory, a three-
stage rigid plastic mechanical model was employed to describe the impact process, in which the impact location
was at the non-mid-span, and a calculation method for the deflection was developed. The method is generally
applicable to CFST columns at any impact position. A comparison with the test results indicated that

deflections can be calculated with reasonable accuracy using the proposed method.

Introduction

Concrete-filled steel tubular (CFST) structures are widely used in civil engineering, e.g., in high-rise buildings,
bridge piers, and underground infrastructures'-?, because of their excellent performance®>. CFST members play
a significant role in the overall structure and have been used as protective components to resist extreme loads.
During their period of service, structures may be subjected to lateral impact loads owing to accidental or

intentional events, e.g., collisions with derailed trains, ships, or aircraft®?.

For the design of structures under lateral impact loads, several design codes®!" have offered general rules, in
which the dynamic impact loads are simplified as equivalent static forces according to the type of vehicle.
Undeniably, the real impact process is ignored in current design provisions. However, if more dynamic

characteristics of the structure under impact are understood, a more precise design can be achieved.
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Experimental'>!° and numerical studies!>!31617:2021 have been performed on the behavior of CFST members
under mid-span lateral impact loads since the beginning of the 2Ist century. According to extensive
experiments, there are reasonable consensuses on the response characteristics associated with CFST members
under mid-span lateral impact loads, which are summarized as follows. (1) Flexural failure is observed for all
CFST members'*!°. However, the confinement factor significantly affects the failure behavior'é. Members
with a large confinement factor exhibit ductility under the lateral impact, whereas those with a small one
generally exhibits brittleness. (2) For the members exhibiting ductility, the failure is described as the local
buckling is initiated in the contact area between the impactor and the members!>!3161%; the global deformation
begins at the mid-span of the members when the impact energy exceeds the local deformation energy; the steel
tubes commonly undergo tensile fracture or rupture along the circumference; and the core concrete in the
impact area is crushed under compression. (3) The impact force and the mid-span deflection are important
parameters reflecting the response characteristics. Moreover, they are closely related to the impact speed,
confinement factor, and boundary conditions'*!°; however, compared with the impact force, the deflection is
more significantly affected by the aforementioned factors'2. (4) The global deformations consume most of the
energy in the impact process, whereas the local deformations have low energy consumptio!>!%1?. (5) The mid-
span deflection and the impact force can be influenced by the axial load. When the initial impact velocity is
low, the axial load can reduce the residual lateral deflection of the members, whereas when the initial velocity
is high, the axial load can increase the deflection'®. (6) The tube length does not affect the failure mode, but as
the tube length increases, the local deformation increases, and the impact force decreases; thus, the tube length
can affect the energy distribution between the local deformation and the global deformation'>!®. Numerical
studies on CFST members under impact loading have been conducted, such as those of Jia'?, Wang et al.'¢,

Bambach et al.?°, Remennikov et al.'#, Han et al'’, and Yousuf et al.?!.

Moreover, for members with flexural failure, the maximum deflection is an important index of the damage
levels of the member subjected to impact?>? or the explosion loads** for developing guidelines for
performance-based design® or design procedures'®. Furthermore, members can be simplified using mass—
spring—damper models?>. Therefore, theoretical research has been performed on the calculation of the
maximum deflection of members under lateral impacts. For CFST members, unified strength theory? and the
theory of travelling plastic hinges?*?’ have been employed to develop a calculation method for the maximum
deflection. For example, Jia'? and Qu et al.?® proposed a simplified deflection calculation method for CFST
beams with simple supported and fixed-simple support conditions under mid-span lateral impact loads,
respectively. Using Qu’s model, Shakir et al.'® derived a simplified deflection calculation formula for CFST

members, in which the influence of the shape of the impactor was considered.

Furthermore, the axial load may affect the dynamic response of CFST columns. Experimental and numerical

studies?”-32

have been performed on the behavior of CFST columns subjected to axial compression. Wang et
al.3* proposed a simplified calculation method, considering the effect of the axial load, based on the equivalent
single-degree of freedom method for predicting the deflection of axially loaded CFST members subjected to

lateral impacts.



Thus far, tests on CFST members (Table 1) have mostly employed scale models. Researchers have attempted
to determine the dynamic response characteristics of a large prototype by testing a small model with a similar
geometry. The similarity method is governed by certain principles, which may lead to differences in the
dynamic response between the small model and the large prototype, i.e., the size effect. Booth3* conducted 13
sets of drop hammer impact tests on sheet mild steel and structures ranging from ’:-size to full-scale and found
that the dimensionless deflection of the full-scale prototype after the impact of the drop hammer was 2.5 times
that of the small model, with a reduction coefficient of 0.25. Jones?’ deduced the similarity criterion between
each physical parameter in the drop hammer impact test and proposed three physical phenomena that do not
conform to the similarity relation: gravity, the strain-rate sensitivity of the material, and the fracture. For the
drop hammer impact test, the acceleration may reach dozens of g during impact; thus, the gravitational
acceleration has little effect on the test results. However, the other two factors may lead to differences in the
dynamic response between the small model and the large prototype. Jin®®, utilizing numerical simulation
methods, found that an increase in material strain rate weakens the influence of the lateral stress ratio on the

size effect. Therefore, it is necessary to study the size effect.

In recent years, with the development of high-speed railway and road transportation, the threat of vehicle
impacts on structures has increased, prompting some researchers®®3° to focus on asymmetric impacts (where
the impact location is not at the mid-span). However, compared with symmetric impacts, the dynamic response
of CFST members under asymmetric impacts is not yet adequately understood. The recent numerical study of
Alam?*, indicated that CFST columns exhibit flexible behavior with large global deformations at mid-height
zones under the vehicular impact, which differs significantly from the results of the numerical simulations of
Jia'? and Wang’s test study®. In Jia’s study, the maximum deflection of the CFST members occurred at the
impact location. Wang performed a series of tests on circular CFST columns under lateral impact loads. The
impact location was 1/3H, the typical position of a vehicle (truck) impact, and the test results indicated that

the CFST columns were prone to shear failure.

Detailed information regarding all the tests is presented in Table 1. In the boundary condition of the table, F

stands for fixed, P stands for pinned and R stands for rolled.

Table 1. Details regarding research on the impact behavior of CFST members.

No. D x h x L Specimen Impact Boundary Researcher Vear
(mm x mm x mm) number location  conditions
1 114 x (3.5-4.5) x 1200 30 0.5L F-F/P-P/F-P Jia'? 2005
2 (20-50) x 1.6 x 700 6 0.5L P-P Bambach et al.'? 2008
3 100 x 5 x 2500 2 0.5L P-P Remennikov et al.!4 2011
4 219 x 2.9 x (1880-3150) 9 0.5L P-P Deng et al.'? 2012
5 114 x (1.7-3.5) x 1200 22 0.5L F-F/P-P/F-P Wang et al.'¢ 2013
6 100 x 5 x 2500 2 0.5L R-P Yousuf et al.?! 2013
7 180 x 3.65 x (1940-2800) 9 0.5L F-F/P-P/F-P Han et al."” 2014




8 114.3 x (3-3.6) x (686—1543) 84 0.5L F-F Shakir et al. 2016
9 114.3 x 4.5 x 1300 3 0.5L P-P Alam et al. 2017
10 300 x 3.75 x 1300 9 0.3L F-p Wang et al. 2017

Note: F-F = fixed—fixed; P-P = pinned—pinned; F-P = fixed—pinned; R-P = rolled—pinned.

At present, systematic research on the influence of asymmetry on CFST members remains limited. Kang*
has developed an alternative modeling approach that effectively predicts the response of steel tube-concrete
columns under low-velocity impact loads. Although the maximum deflection is considered as an important
index for CFST members under lateral impact, no universal formula has been proposed for calculating the
maximum deflection at any impact location for members. Therefore, an experimental investigation of CFST
columns subjected to very low-elevation lateral impacts was conducted in this study. Six CFST members
were designed based on the typical CFST columns in high-speed railway stations of China, and the impact
location was determined according to the contact point between the running train and the column, as shown
in Figure 1. The objectives of this paper were as follows: (1) to investigate the dynamic response of the
members, including the failure mode, time-history curves of the impact force and deflection, and relationship
between the impact force and the deflection; (2) to examine the effects of the axial load and scaling on the
maximum deflection via finite-element analysis (FEA); and (3) to develop a rigid-plastic mechanical model
for establishing a theoretical deflection calculation method that is generally applicable to CFST columns at

any impact position.

Impact position: 2/9L

Figure 1. Schematic of the train impact column

Notation

M Impactor mass

Vo Initiation impact velocity

I Distance from right bearing to impact location
b Distance from left bearing to impact location
L Clear span of members

m Mass per unit length of members

D Outer diameter of circular steel tube




h Thickness of steel tube
F axial load
Iy Yield strength of steel
fe Concrete cylinder compressive strength
Jeu Concrete cube compressive strength
Jex Characteristic concrete strength
A Test maximum deflection at impact location
wo Predicted maximum deflection at impact location
n Geometric scale factor
Test

Material properties

Steel tubes

The steel tubes were fabricated using Chinese Standard Q235 steel. The Young’s modulus (£s) and
the yield strength (f;) were tested according to the Chinese Standard for metallic materials (GBT228-
2002). The average yield strength of steel (fy) are 338 MPa and 323 MPa for s 2.0-mm steel tube and 3.5-
mm steel tube, respectively, and the corresponding modulus of elasticity (E;) are 198 GPa and 223 GPa,

respectively.

Concrete

Nine 150 x 150 x 150 mm? concrete cubes, which were cast and cured under the same conditions as
the concrete used in the impact tests, were prepared to determine the concrete compressive strength
of the specimens. The average measured cube strength of concrete at the day of testing is fou =
54.97MPa.

Test members and setup

To investigate the dynamic response of the CFST members under a non-mid-span impact, lateral impact
tests were conducted using self-weight drop hammer impact testing equipment. Six sets of CFST
specimens were designed and fabricated at a scale of 1:10, according to the typical CFST columns in the
high-speed railway stations of China. Jones studied the scaling criteria of various parameters in the drop
hammer impact test?’. Table 2 presents the ratio of the physical parameters of the prototype to those of the
model when the geometric ratio of the prototype to the scaled model was 7 (in the tests, 7 was 0.1). The
ratios of the parameters shown in Table 2 were used to design the tests. Details regarding the specimens
are presented in Table 3. The total length of the specimens was 1.5 m, with a clear span of 0.9 m. The
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impact position for all the specimens was at 2/9 of the span, and the dimensions of the test segments are

presented in Figure 2.

Test apparatus

The lateral impact tests were performed using the DHR9401 drop hammer impact testing equipment. This
equipment comprised the following segments: a test frame, a drop hammer, an impact head, supports at
both ends, a load cell, and other ancillary equipment, as shown in Figure 3(a). The test frame was
composed of a concrete foundation, rigid beams, and two steel columns, as shown in Figure 3(b). A drop
hammer cast in forged steel, with a maximum impact height of 12.60 m, was employed, and the maximum
impact velocity was 15.7 m/s, as shown in Figure 3(c). The test impact head, whose bottom surface was a
rectangle with dimensions of 30 x 80 mm? and whose top surface was a circle with a diameter of 80 mm,
was made of chromium 15 with 64HRC hardness, as shown in Figure 3(d). The boundary conditions were
kept as a fixed support utilizing four different segments: the upper and lower half-rings were connected
and fixed by bolts, the bottom of the support and bolts, as shown in Figure 3(e). An axial load loading

device was equipped based on the drop hammer impact device, as shown in Figure 3(f).

The drop hammer was lifted to the design height and then released to impose the impact load. A high-
speed camera (HSC) was employed to capture the failure modes of the specimens. The impact force was

recorded by using a load cell built into the drop hammer.

Fixed support Impactor |:| Fixed support
[ N K !
A 72 7
200 { 700 l 200 { 200 ‘ 200
| 1 | |
1500

Figure 2. Member details and dimensions (unit: mm)

Table 2. Parameters in the prototype model relative to the reduced model.

Parameter Ratio Parameter Ratio
Geometric dimension n Acceleration 7!
Mass 7 Time n
Material property 1 Force 7
Velocity 1 Stress 1

Table 3. Details of the test specimens.



Specimen label M (kg) Vo (m/s) I (m) I (m) m (kg/m) D (mm) h (mm) F (kN)

YG1 270 7.67 0.2 0.7 313 114 2 0
YG2 270 9.90 0.2 0.7 313 114 2 0
YG3 270 11.71 0.2 0.7 313 114 2 0
YG4 270 11.71 0.2 0.7 32.1 114 35 0
TS1 270 9.90 0.2 0.7 32.1 114 35 0
YG7 270 9.90 0.2 0.7 32.1 114 35 200

Drop bammer
P
!

Losd cell

e Lipact head |

RO

-

Dise springs ’!.'ﬂ‘fl‘"’“

I N
A

N, Foved suppert

(a) Schematic of the impact test (b) Test rack

(¢) Drop hammer (d) Impact head (e) Fixed support (f) Axial loading device

Figure 3. Drop hammer impact test device diagram
Test results and discussions

Failure modes

The final failure modes of the specimens were identified by analyzing the whole impact process, and
the global deformation of the specimens is shown in Figure 4(a). All the specimens exhibited flexural
failure, and the maximum deflection of the CFST members occurred at the impact location.
Furthermore, flexural deformation occurred, but no cracks appeared in YG1, TS1, YG4, and YG7.
Flexural cracks perpendicular to the axial direction of the members were observed in YG2. Although

YG3 was completely fractured, it exhibited flexural cracks. The ultimate deformation mode under
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the impact load included significant local compression deformations and buckling deformations at
the impact point as well as at the edge of the supports, apart from the overall flexural deformation,

as shown in Figure 4(b) and (c).

Energy absorption

In the tests, the deflection-time curves were obtained using the HSC, and the force-time curves were
obtained using a load cell built into the drop hammer. The results for the lateral force and lateral
deflection are presented in Table 4. The force-time curves and deflection-time curves are shown in
Figure 7 and Figure 8, respectively. The area beneath the force-displacement curve was used to
calculate the recovered and absorbed energy, as shown in Figure 5. The ratio of the energy absorption

to the total energy applied was then determined, as shown in Table 4.

Table 4. Test results.

Specimen label A (mm) Maximum force (kN) Absorbed energy (J) Recovered energy (J) Absorbed energy ratio
YGl1 322 410.9 5432 367 93.7%
YG2 Fracture 449.6 / / /
YG3 Fracture 527.1 / / /
TS1 34.8 542.6 9204 937 92.4%
YG4 49.5 658.9 13950 422 97.1%
YG7 333 852.7 10100 538 94.7%

Note: Absorbed energy ratio = absorbed energy / (absorbed energy + recovered energy)

(a) Global deformation of members

(b) Local deformation at the impact location (¢) Buckling deformation near supports

Figure 4. Failure modes of the tested members
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Figure 5. Force—deflection curve

Finite-element analysis
Finite-element model

The commercial finite-element program LS-DYNA*' was used to simulate the drop-weight impact test.
Figure 6 shows the FEA model of the CFST member under the drop hammer impact. The drop hammer,

steel tube, and core concrete were simulated using 8-node solid elements with reduced integration.

Regarding the material parameters, the properties of the concrete followed the concrete damage model,
and the strain-rate effect of the concrete was considered according to the dynamic increase factor (DIF).

The DIF for the compressive strength of concrete was defined by Malvar et al.*? as follows:



I (RSN EE 0
P(E1E)" & >308"

f;IS

where f.q represents the dynamic compressive strength of the concrete at the strain rate ¢ ; fis represents

the static compressive strength of the concrete at the strain rate s =30 x 10%; logy=6.156 — 2; o= (5

+9f:s / feo)!; and foo = 10 MPa. The DIF for the tensile strength of concrete is given as

DIF =

. 7 4 8\10165, -1
&:{(8/%) ,& <30s 2)

fo B é>308"

where fiq represents the dynamic tensile strength of the concrete at the strain rate ¢ ; f;s represents the

static tensile strength of the concrete at the strain rate s =30 x 10%; log8=7.11 —2.33; and & = (10 +

6fss / foo)!. To simulate the failure of the concrete, the failure strain of the concrete was defined by
MAT _ADD_ EROSION in LS-DYNA. Malvar and Crawford proposed a DIF formulation for steel, with
the yielding stress varying from 290 to 710 MPa®*:

DIF:ﬁz(g‘/lo*‘)“, 3)

where f,q represents the dynamic yield strength of the steel at the strain rate ¢ , f;s represents the static
yield strength of the steel, and & = 0.074 — 0.040f, / 414.

The impact body and the supports were regarded as rigid bodies without considering the influence of
deformation. For the impact body and the supports, a rigid model was used. The keyword
CONTACT AUTOMATIC SURFACE TO SURFACE was utilized to simulate the contact between the
impact body and the specimen and that between the specimen and the support. The contact between the
steel tube element and the concrete element was achieved using continuous nodes, and the relative slip
was ignored. The axial load was applied to the transverse section as a uniform surface pressure, and the
axial load was defined by DEFINE CURVE, with its position and direction defined by
LOAD NODE SET.
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Figure 6. FEA model of the CFST member

Comparison of simulation and test results

The impact-force time history curves and deflection time history curves are shown in Figure 7 and Figure
8, respectively, and the accuracy of the parameters used in the numerical simulation was verified via
comparison with the test results. The trends of the impact-force and displacement time history curves were
similar for the two groups of specimens. Detailed comparison results, including the maximum deflection,
plateau valve of the impact force, and total duration, are presented in Table 5. Overall, the test and
simulation results agreed well, and the errors were within a reasonable range, confirming the sufficient

accuracy and precision of the parameters used in the simulation.

Table 5. Comparison between the simulation and test results

Specimen Maximum deflection (mm) Plateau values of the impact forces (kN) Total duration (s)
Test FEA Error Test FEA Error Test FEA Error
YGI1 322 31.1 —3.40% 209 223 6.70% 0.0138 0.0133 -3.60%
YG2 / / / 186 170 -8.60% / / /
YG3 / / / 202 186 -7.92% / / /
YG4 49.5 48.7 -1.62% 286 294 2.80% 0.0131 0.0139 6.11%
YG7 333 324 -2.70% 288 320 11.1% 0.0108 0.0109 0.93%
TS1 348 35.6 2.30% 303 328 8.25% 0.0116 0.0111 —4.31%
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Figure 8. Deflection time history curves

Effect of axial load on deflection

The parameters of specimens TS1 and YG7 in the test were identical, except for the axial load. The
maximum deflections of the two specimens were 34.8 and 33.3 mm, respectively (a small difference of
4.3%). This indicates that the axial load may have had only a slight effect on the deflection of the unbroken
member. To describe the effect of the axial load more accurately, the impact processes of TS1 components
under different axial compression ratios were supplemented using LS-DYNA software (Table 6). As shown
in Figure 9, with an increase in the axial compression ratio, the maximum deflection of the CFST members
first decreased and then increased. When the axial compression ratio was approximately 0.4, the deflection
was minimized. When the axial compression ratio was approximately 0.8, the deflection was close to that
without an axial load. When the axial pressure was <0.8, the axial load improved the lateral impact resistance
of the CFST members. When the axial compression ratio was >0.8, the axial load reduced the lateral impact
resistance of the CFST members. Under different axial compression ratios, the maximum deflections of the
members were close (within 10%).
13



Table 6. Effect of the axial compression ratio on the deflection

Axial compression ratio 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Maximum deflection 35.6 33.7 32.6 322 32.1 325 33.1 34.1 35.8 36.9
Error 0 -5.3% -8.4% -9.6% -9.8% -8.7% -7.0% -42%  0.56%  3.65%
1.05
1.00 + -
S
I
[a7
0.95
0.90

0.0 0.2 0.4 0.6 0.8 1.0

Axial compression ratio

Figure 9. Relationship between the deflection and the axial compression ratio

Scaling effect on deflection

The response of CFST members under the impact of the lateral drop hammer involves multiple physical
quantities, and the relationships between these physical quantities can be determined via dimensional

analysis. The physical quantities that determine the maximum deflection wo mainly include the

(1) impact body parameters, i.e., impact body mass M, density p1, impact surface area S, and impact velocity
Vo;

(2) concrete material properties, i.e., density pc, elastic modulus E., compressive strength f:, and Poisson's
ratio pc;

(3) material properties of steel, i.e., density ps, elastic modulus Fs, yield strength £y, and Poisson's ratio us;

and

(4) component geometry, i.e., outer diameter of the circular steel tube D, thickness of the steel tube #,

distance /; from the impact point to the left support, and distance /> from the impact point to the right support.

According to the foregoing 16 physical quantity parameters, the functional relationship between the

maximum deflection and each physical quantity can be expressed as follows:
WO = f(M’pI’S"/()’pc’Ec’fc’/’lc’los’Eﬁ’fy’/’ls’h’D’ll’IZ) s (4)

Three physical parameters with independent dimensions—the cross-sectional diameter D of the member, the
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elastic modulus of the steel £, and the density of the steel ps—are selected as the basic quantities. Equation

(5) can be derived from equation (4) based on the © theorem:

s T (T TS
p*D 105 D E‘S /0S E‘S

fc N ag & © ao ﬁ i l_] a2 l_2 a3 ’
(E] (s) (E] () (Dj (Dj [Dj

where a¢—ai3 are real numbers to be determined.

©)

Equation (5) provides a general calculation model for such problems and is suitable for the establishment of
empirical models for maximum deflection calculation with different steel and concrete materials, different

geometric parameters, and different impact conditions.

When the parameters in the model and the prototype are set to the values presented in Table 2, the relationship

between the model and the prototype can be expressed as

w)  (m (6)
D), D), ’
where the subscripts m and p represent the model (small-scale experiment) and the prototype (full-scale

experiment), respectively.

Equation (6) indicates that when parameters are set in strict accordance with the similarity theory, as shown
in Table 2, the deflection of the components in the scaled steel tube concrete drop weight impact test
conforms with the similarity criterion. To further verify the similarity, an FEA model of each component in
the experiment was established, as well as one of the full-scale prototype components. Then, w—nt curves
obtained from finite-element calculations were compared (77= 0.1 for the prototype component and 7 =1
for the model component), as shown in Figure 10. The deflection variations of the prototype and the model
exhibited the same trend, confirming that the deflection of the component satisfied the assumption of the
similarity theory. Table 7 shows that the deflection error between the scaled-down model and the full-scale

prototype falls within the 7%. Consequently, the size effect was ignored in this experiment.

Table 7. Size effect on the deflection

Specimen YG1 PYGl1 YG4 PYG4 YG7 PYG7 TS1 PTS1
nwo(mm) 31.1 32.8 48.7 51.9 324 32.7 32.7 325
Error 5.47% 6.57% 0.93% -0.61%

Velocity variation at impact point

The lateral velocity variation at the impact point of the specimens, caused by the lateral impact, is shown in

Figure 11. At the beginning of the impact, the velocity increased sharply to the maximum value in a very

short time. Then, the velocity decreased nearly linearly with respect to time. Because the impact force was
15



essentially stable after a short fluctuation in the initial stage of impact (Figure 7), its acceleration was also
stable, eventually leading to a linear decrease in the velocity over time. When the velocity decreased to zero,

the specimen reached the maximum deflection.

Moment variation at impact point

The moment variation at the impact point of the specimens, caused by the lateral impact, is shown in Figure
12. At the beginning of the impact, the moment increased sharply to the ultimate value in a very short time.
Then, the moment decreased to a certain value and remained at this value for a relatively long time, covering
the main period of the impact. This moment can be defined as the ultimate plastic moment capacity. The

dynamic ultimate plastic moment capacity Mg, obtained from LS-DYNA, is presented in Table 8.
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Proposed calculation method

Ultimate plastic moment capacity

In this analysis, the ultimate plastic moment M, is an important parameter. Elchalakani et al. presented a
simplified rigid plastic approach for determining the ultimate plastic moment capacity of circular CFST

members*, which can be expressed as follows:
3 2
2 (D D—-h
Mngf{z_h) cos3y0+4fy(Tj hcosyy , @)
Here, 7, represents the angular location of the plastic neutral axis. It can be calculated as

z f.(D/2=hY
4 f,(DI2~hi2)h
f.(DI2-h)
f,(D/12=h12)h

0=

®)
2+

M, represents the static ultimate plastic moment. Based on M,, the dynamic ultimate plastic moment My, can
be expressed as

2

3
Mgy, =4 %fc (g—h} cos” y + 44 fy (DT_hj hcos ¥, 9



x Af.(DI2-h)

4 2,f,(DI2-h12)h
Yo = 2
Mf.(D12-1h)

A fy(D12=h12)h

(10)

where i and A represent the DIFs for concrete and steel, respectively, at the rotation rate @ . DIFs 4, and 4>
can be determined using equations (1)-(3) when the rotation rate is 6 . As discussed in Velocity variation at
impact point, assuming that the lateral velocity of the impact point decreases linearly over time, the rate of

rotation @ of the mid-span section is defined as follows:

A VAR 4
0=6+0,="2+-"2
TR an
Table 8 presents the static ultimate plastic moment M, of the specimens (calculated using equations (7) and
(8)) and the dynamic ultimate plastic moment (Mg, was obtained from LS-DYNA, and My, was calculated
using equations (9)—(11)). The slight discrepancy between 'Mg, and My, confirms the accuracy of the

calculation method.

Table 8. Ultimate plastic moment capacity

Specimen M, (kN-m) 'Map (kKN-m) 2Map (kKN-m) Map*/ My
YGl1 10.8 16.0 17.5 1.09
TS1 16.4 27.7 26.5 0.96
YG4 16.4 26.7 26.9 1.01
YG7 16.4 27.7 26.5 0.96

Three phases of motion

Jones?” theoretically derived the dynamic response of a beam under a mid-span impact with fixed—fixed
supports. Wang* has theoretically deduced the dynamic response of rigid-plastic structures subjected to
lateral impact at an arbitrary point and divided their motion process into three phases. According to Wang’s
research, a rigid-plastic model and the travelling plastic hinge theory were adopted to calculate the deflection

of an arbitrary impact point on the CFST members in this study.

The basic mechanical model is shown in Figure 13(a). A member with a length of /,+/, is under a lateral
impact at an arbitrary point O by a mass M with an initial velocity V. The impact point travels with a velocity
¥, at the instant of impact while the rest of the member remains stationary. Therefore, the disturbance at the
impact point propagates to both supports of the member. Then, global bending deformation occurs,
dissipating the remaining impact energy, and finally ceases. This impact process can be divided into three
distinct phases of motion, hereinafter referred to as the first, second, and third phases of motion. In this
analysis, the influence of the axial load is neglected, and it is considered that the yield shear force of the

cross-section is sufficiently large to prevent slippage.



D B,

: C_ & I £
. { .
5 \/‘ |
L ] I

(a) Impact model (b) First phase of motion

C <2 I & DOBY | A(C) I DB)|
Pr— : Y. & - H 4 -
\‘/ \\W-/

I ! i ; ‘ I} | I,

A

(¢) Second phase of motion (d) Third phase of motion

Figure 13. Impact process

First phase of motion

As shown in Figure 13(b), in the first phase of motion, a plastic hinge develops at the impact point at ¢
=0, and two other plastic hinges propagate the disturbance away from the impact point toward the two

supports. Then, travelling plastic hinge D reaches support B, forming a stationary plastic hinge.

O is taken as the origin of the coordinate system, and the positive direction of the X-axis is to the right.

The lateral velocity field at an arbitrary point of the member in the first phase of motion is expressed as

follows:

wo (1+x/&5),(=¢, <x<0)
w=w (1-x/4,),(0sx<&y) (12)
0,(-, <x<-¢,,6 <x<1)

where {1 and &; represent the time-dependent locations of travelling plastic hinges D and C, respectively,

and " represents the lateral velocity at the impact point.

Taking half of the member for analysis, the moments of impact point O are given as follows:

2M 4, —J.Ogl mwxdx =0 (13)

0
2M,, — J'_; mivxdx =0 (14)

Combining equations (13) and (14) yields ¢ = &>.

Because the lateral shear force is zero at the travelling plastic hinges where the maximum bending
moment develops, the vertical equilibrium for the central portion of the member between the two
travelling plastic hinges C and D demands that
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M, +J‘i mwdx =0 (15)

After equation (12) is substituted into equation (15), integrating equation (15) with respect to time and

using the initial conditions "o = 0 and £, = 0 at t = 0 yields

Wy =Vo /(14mg M), (16)
Substituting equation (12) into equation (13) yields
ff vy (1=x/ &) )+ iy /&2 b = 2M g (17)
which can be written in the following form:
(18)

A/ dt =12M g, I'm
Finally, integrating equation (18) with respect to time and using the initial conditions¢; = Oat ¢ = 0 yields
the location-time characteristic of the travelling plastic hinge:

B MmV(,é’l2
= 12M g, (M +m¢,) (19)

Taking the derivative of equation (19) with respect to time predicts the velocity of the travelling plastic

hinge:
. 12M g, (M +m¢ )’ 20
" MmEV,2M +me )’ (20)

At the end of the first phase of motion (¢ = #1), the lateral deflection of the first phase of motion at the

impact point wy; can be described through the following equation:

fn Lo
wyr = [ vindt = [ ind 4 143 21
Substituting equations (16) and (20) into equation (21) yields
2y, 2 2
Wy = M?V, ZIn(mll+Mj+ M . 22)
24Mdpm (M + ml] )

Second phase of motion

As shown in Figure 13(c), in the second phase of motion, after plastic hinge D becomes a stationary

hinge, plastic hinge C continues moving toward support A until reaching it and forms a stationary plastic

hinge.
In the second phase of motion, the bending moment at plastic hinge D may no longer be the extreme

20



point in the bending-moment diagram; thus, there is a nonzero shear force Q at plastic hinge D.

Additionally, ¢ =/,. The lateral velocity field in the second phase of motion can be expressed as follows:

Wy (1+x/¢,),(-¢, <x<0)
w=aip (1-x/1),(0<x<l) (23)

O,(—l2 Sx<—§2)

As shown in Figure 14, the force balance can be expressed as:

%(52%"‘43“’0) =0,
2 , 4
Ellwo = Q1 -0

My, I My
.N __.Ql Qu p

Figure 14. Force analysis diagram

where O, and Q, represent the shear forces on the left and right sides of O, respectively; and O represents

the shear force at plastic hinge D. The bending-moment balance can be expressed as:

.. . 1
ﬂé'z (5:2”’0 _gzwo) =60, —2M,
lnf 1 2 . (25)
Ellz% = Ell (Q+0)-2M,,
Combining equation (24) and equation (25) yields
1 L1 .. s
[gmllz+Mll j Vi + Emll (§2w0 + é’zwo) =-2M, (26)
m§2(§2w0+2§’2w0j=12MP. 27
Integrating equations (26) and (27) with respect to time and using the continuous conditions at #; yield
G ml* +MI, + %mzlgzjwo =—2M gt + MLV, (28)
méy Wy =12M gt | (29)

By combining equations (28) and (29), the velocity at the impact point can be determined as follows:

. 6M1,V,
Wo = 2 2 .
2ml2 +6MI, +3mlyCy +mes

(30)
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The velocity of the traveling plastic hinge can be predicted by substituting equation (30) into equation

(29) and then integrating equation (29) with respect to time:

. 2M g, mly +6ML +3mhy &, +méy)? 31
2 MmiV,Gml &,E +Aml P, +12MLEY)

Integrating the velocity with respect to time yields
fh L .
wyp = [ indt = [ &y 165 (32)

where W, represents the lateral deflection of the second phase at the impact location.

Substituting equations (30) and (31) into equation (32) yields

3M *ml*V,? J-zz 3ml &, +4mlPE, +12MLE, y (33)
[}

Wy, = .
” M, L Qml +6MI +3mlCy +mE)

p

Third phase of motion

As shown in Figure 13(d), in the third phase of motion, the plastic hinges at the support and the impact
location remain stationary, and the member continues moving downward under the action of the impact
energy until the kinetic energy of the member and the impactor is exhausted. The third phase of motion
is the final phase of the dynamic response of the CFST member under the impact. According to the
rigid-plastic dynamic model, it is assumed that all the remaining kinetic energy of the impactor and

member are consumed by plastic deformation in this phase.

According to motion analysis for the first and second phases of motion, as well as the kinetic energy

theorem, the kinetic energy of span /, and span /, can be calculated as follows:

01 [ 6M1,Y,

2
M2 2 2
PO L (U alh)| de= OmM 7l 1Vo (34)
52| 2ml* +6ML, +3ml,l, +ml,

" Q@mi} +6MI +3ml L, +mily)

_ 6mM *1,*V,* 35
- 2 2.2 ° ( )
@2ml~ +6Ml, +3mll, +ml,”™)

2

! 6MLV,

K{l:j‘lm - Lo S(1-x/1) | dx
02 | 2ml~ +6MI, +3mll, +ml,

The kinetic energy of the impactor is given as follows:

2

1 6MLV, 18M31%v,2

Ki=—M|— 0 | = - - (36)
2| 2ml? +6Ml, +3ml,ly +ml, Qml? +6Ml, +3ml, L, +mi,y*)

The total kinetic energy of the system is the sum of the kinetic-energy values of the member and the

impactor:
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1 M312 2 M2 2y, 2 l I
K=K +K)+Kb =18 12Vo +6m llV()(ll'zz). 37
Qml,* +6MI, +3miyly +ml,>)

According to the assumption for the third phase of motion, the energy-balance principle, and the rigid-

plastic model, all the kinetic energy of the system is dissipated by the plastic hinge. Then,
2M 4,6, +2M 4,0, = K | (38)
where 0, and 6, represent the angle of rotation of travelling plastic hinges D and C, respectively.

From the lateral deflection field and the geometric relationship of the member, the following equation
can be obtained:
0, = 6,1, . (39)

By combining equations (37)-(39), the lateral deflection of the third phase at the impact location W,

can be calculated as follows:

_ MLV +6mM LV (G +1)
M g, (21, +20))2ml? +6MI, +3ml,l, +mly*)?

(40)

Wo3

By unifying the calculations and analyses for the three phases of motion, a theoretical deflection

calculation equation for CFST members constraints was obtained:
Wo = Woi + Woo + Wo3 (41)

Equation (41) was used to calculate the deflection of the impact points of YG1, TS1, and YG4 under
the lateral impact, and the results are presented in Table 9. The calculation errors of the method were

<8%, which satisfies the accuracy requirements of engineering.

Table 9. Deflection of the members

Specimen label A (mm) W, (mm) Error
YG1 322 34.08 5.8%
TS1 348 37.53 7.9%
YG4 49.5 51.69 4.4%

Error analysis

Based on the ideal rigidity-plasticity of materials and the theory of travelling plastic hinges, a method for
calculating the deflection at the impact point of CFST members was developed. In the theoretical derivation,
a simplified rigid-plastic model was applied, with the assumption that all the energy is completely dissipated
by the plastic hinges. Nevertheless, in the actual case where CFST members bear a lateral impact, the
materials are not rigid-plastic as supposed; thus, not all the energy is absorbed by the members, as shown in
Figure 5 and Table 4. Furthermore, local compression deformation, steel tube buckling deformation at the
edge of the support, and friction energy dissipation at the restraint end can also consume energy, as shown

in Figure 4. Therefore, the energy during the impact process is not entirely dissipated by plastic deformation.
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Conclusions

The following conclusions are drawn based on the research presented in this paper:

(1) Lateral non-mid-span impact tests of CFST specimens were performed. It was found that: (1) the global
deformation and flexural cracks indicated that the specimens underwent flexural failure; (2) the maximum
deflection of CFST columns appeared at the impact location under very low-elevation lateral impact loads; (3)
the maximum deflection is an essential index for CFST members under lateral impacts, which is related to the
impact velocity and the thickness of the steel tube; (4) the recovered and absorbed energy were calculated by

integrating the force-displacement curve, and the absorbed energy ratio was >90%.

(2) A FEA was performed for further study, revealing the following. (1) The axial load had no significant
effect on the transverse deflection of the specimens. With an increase in the axial compression ratio, the deflection
tended to decrease and then increase, but the axial load had little influence on the transverse deflection (within
10%). (2) The deflection of the model and prototype conforms to the similarity criterion if the specimen is
designed strictly according to the similarity criterion. Therefore, the size effect on the transverse deformation can
be ignored (within 6%). (3) The bending moment at the impact point of the specimen increases sharply after
impact. After fluctuation, it remains stable at a certain value, that is, the ultimate plastic moment of the specimen.
(4) The lateral velocity at the impact point decreases linearly before the maximum deflection of the specimen is

reached.

(3) According to the travelling plastic hinge theory and the assumption of the ideal rigid-plastic model, the
motion of CFST members subjected to lateral impact can be divided into three phases. Accordingly, a mechanical
analysis of the CFST member during each phase was performed to calculate the deflection of the member, and a

corresponding theoretical method was proposed.
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