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ABSTRACT

This paper presents a study on the dynamic response of normal or recycled aggregate concrete filled steel
tube (NACFST and RACFST) columns subjected to lateral projectile impact and the effect of the Carbon
Fibre Reinforced Polymer (CFRP) jacketing on the structural behaviour of those columns. Eighty four
specimens were studied to investigate the influence of the tube length, configuration of the impactor,
concrete type and local reinforcement on the dynamic response. The results indicate that both the
RACFST and NACFST specimens have a similar deformation shape, and the impact resistance of the
RACFST specimens is comparable to that of the NACFST. The results also show that the additional
confinement of the CFRP reduces the global displacement for both the RACFST and NACFST specimens.
In addition the concrete filling increases the maximum impact force by 217%, 182% and 157% respectively
for the short, medium and long tubes. On the top of the extensive experimental work, theoretical
approaches were proposed to predict the maximum load and the corresponding displacement for all
the columns tested, providing reasonably good correlation with the experimental results. Using the ana-
lytical model developed, further studies were undertaken to investigate the effects of the tube geometry,
material properties, impactor configuration and impact energy on the structural response of the concrete

filled tube columns.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Normal Aggregate Concrete Filled Steel Tubes (NACFST) are
increasingly used in many structural applications, such as
seismic-resistant construction, high buildings, bridge piers and off-
shore structures [1-3]. NACFST have more advantages than con-
ventional reinforced concrete and steel structural members,
namely the high speed of construction work resulting from the
omission of formwork and reinforcing bars, low structural costs
and conservation of the environment [4-6]. NACFST also offer good
damping properties and excellent seismic resistance [7]. Moreover,
NACFST have good fire resistance compared with ordinary rein-
forced concrete, which leads to a reduction in the use of fireproof
materials [4,8].

Some research work was initially conducted to study the flexu-
ral behaviour of NACFST under bending [7,9-11]. Elchalakani et al.
[12] undertook experiments on 12 specimens of NACFST under
pure bending. The results showed that the energy absorption and
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ductility were enhanced and that flexural strength for the thin cir-
cular hollow section was improved by the concrete filling more
than for the thicker ones. They presented a theoretical model to
predict the ultimate bending strength for the circular NACFSTs,
which was in a good agreement with the experimental data.

With the increasing volumes of construction and demolition
waste, resulting from the rapid development of the construction
industry, recycling concrete waste becomes necessary to preserve
the environment and to conserve the natural resources of gravel
and sand [13]. Many studies have been conducted to investigate
the behaviour of RACFST columns under static and cyclic loading
[13-17]. The bearing capacity of NACFST columns is slightly higher
than that of RACFST [18]. The research showed that under axial and
cyclic flexural loading the behaviour of the tubular columns filled
with recycled aggregate concrete is similar to those columns filled
with normal aggregate concrete [19].

The use of confining Carbon Fibre Reinforced Polymer (CFRP)
jackets has become increasingly popular to repair or strengthen
concrete columns [20]. It was found that the additional confine-
ment provided by CFRP strips increased the bearing capacity of
the column and delayed its local buckling [21]. Dong et al. [17]
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conducted a study to understand the structural behaviour of
RACFST strengthened by CFRP under axial compression load. Three
parameters were examined, i.e. the replacement ratio of recycled
aggregate (0%, 50%), the outer diameter to thickness ratio (D/t),
and the reinforcement ratio by CFRP (0%, 75% and 100%). The
arrangements of CFRP adopted in their study contributed to an
increase on the load carrying capacity by 80% and 37% for the fully
and partially strengthened columns, respectively.

Experimental studies were conducted to investigate the beha-
viour of the unfilled and filled tubes under axial impact loading
[22-25]. The behaviour of the hollow and polyurethane foam filled
steel tubes under axial impact load was investigated by Reid [26].
It was found that the foam filled tubes had a better bearing capac-
ity than the empty ones. The concrete filled tube specimen could
hold its shape without crushing, in comparison to the hollow tube
specimen that was crushed under the same loading [27].

During the service life, structures are likely to be subjected to
dynamic and/or impact loadings. For example, bridge columns
could be impacted by a vehicle or boat, high buildings could be
attacked by aircraft, or flying objects due to an accidental explosion
[28]. Effects of the lateral impact load on the unfilled and filled
tubes were investigated with different filling materials and tube
materials. Xiaoging and Stronge [29] studied the impact damage
on hollow, water and sand filled steel tubes hit by spherical mis-
siles, which showed that the water and sand filling reduced the
deflection and increased the stiffness. Nishida and Tanaka [30]
investigated the perforation and cracks of water filled aluminium
tubes impacted by six steel spherical indenters with different
diameters. However, it was concluded that under the conditions
adopted in their study, the wall strength of the tube was reduced
due to filling with water.

In recent years, a number of studies on the impact behaviour of
the NACFST members have been conducted through experimental
work, theoretical work and finite element analysis [11,31-35].
Remennikov et al. [36] compared the behaviour of Rigid Polyur-
ethane (RP) foam and concrete filled steel square tubes under lat-
eral impact loading. They showed that the impact resistance of
stainless steel was higher than that of mild steel and RP foam
enhanced the energy absorption. Wang et al. [37] investigated
the lateral impact performance of the concrete filled steel tube
members. Twenty two specimens were tested with the main test
parameters as the impact energy, the axial load level and the con-
straining factor. It was demonstrated that the lateral deflection and
the impact force could be affected by the axial load. A study of
three experimental series was conducted by Yousuf et al.
[38-40]. They investigated the transverse impact resistance of
the hollow and concrete filled mild and stainless steel square tube
columns. The structural behaviour of those columns was also
studied through finite element analysis. The numerical results
were compared with the experimental results with a good agree-
ment. They found that the impact strength was improved by using
stainless steel columns and the axial compressive load influenced
the static and impact strength, especially for the stainless steel
tubes.

To date, there has been limited research on the behaviour of
RACFST under lateral impact loadings. In addition, the structural
behaviour of the strengthened RACFST columns with CFRP local
reinforcement has not been investigated under lateral drop-
weight impact, according to authors’ knowledge. The aim of this
research is to investigate the impact behaviour of the NACFST
and RACFST with different L/D ratios and impactor configurations,
also to study the influence of the partial CFRP strengthening on the
impact force and the lateral deformation of the NACFST and
RACFST columns. The current study includes the testing of eighty
four specimens with four varying parameters, i.e. (1) the length
of the tube, (2) the concrete type, (3) the diameter or the shape

of the impactor, and (4) the (CFRP) reinforcement. Comparisons
between the impact behaviour of NACFST and RACFST with differ-
ent parameters are presented and discussed. The results show that
the RACFST columns with a 50% replacement ratio of the recycled
aggregate have a similar deformation mode to those with normal
aggregate. The results also show that the CFRP reinforcement has
some effects on the impact force and the global displacement. Fur-
thermore, theoretical predictions of the maximum force and the
related displacement of the columns are provided and compared
with the experimental results, which show a good agreement. A
series of parametric studies are further carried out to investigate
the influence of various parameters on the structural behaviour
of the columns.

2. Experimental programme
2.1. Materials

There are three materials used in this study: concrete, mild steel
and CFRP. The average 28-day compressive strength of the normal
and recycled aggregate concrete cubes tested, in accordance to the
British Standard [41], were 56 MPa and 53 MPa, respectively. Ordi-
nary Portland cement, river sand and coarse aggregate were used
to produce the concrete. The coarse aggregate was in two cate-
gories, i.e. normal aggregate (NA) and recycled aggregate (RA).
The recycled aggregate was supplied by Sloyan Doyle demolition
company (Liverpool, England), which was obtained by crushing
the concrete from demolished concrete structures. Both of the
NA and RA had a maximum size of 10 mm. The density was
2627 kg/m? and 2558 kg/m> for NA and RA, respectively.

Cold formed steel tubes with a circular section were used to
produce the specimens. The obtained yield and ultimate strength
of steel from standard tensile coupon tests were 450 MPa and
542 MPa, respectively. The elastic modulus was 200 GPa and
Poisson’s ratio was 0.3.

A woven CFRP with a nominal thickness of 0.28 mm (2/2 twill)
was used to strengthen the column. CFRP woven was supplied by
“Easycomposites” (Staffordshire, England) with a density of
1390 kg/m>. An Instron 4204 testing machine was used to conduct
the tensile test of the CFRP. The tensile strength and modulus of
elasticity obtained are 550 MPa and 48 GPa, respectively.

2.2. Mixing proportions

To minimise the effect of the high water absorption of the RA on
the workability and the hydration of the concrete mix, the RA was
pre-soaked for 24 h before the concrete mixing with an amount of
water equal to 6.2% of the total weight of the RA. This percentage of
water is calculated from the difference between the water absorp-
tion of the RA and NA, i.e. 7.40% and 1.18%, respectively. The free
water-cement ratio was 0.46 for both mixes and the adopted
replacement ratios of the recycled aggregate in this study were
0% and 50% of the total weight of coarse aggregate. Table 1 shows
the details of the mix proportions for both the normal and recycled
aggregate concrete, together with the slump measurements.

2.3. Preparation of specimens

Eighty four hollow and concrete filled steel tube specimens
with an outer diameter (D) of 114.3 mm were prepared, which
include 7 hollow tubes, 39 tubes filled with recycled aggregate
concrete and 38 tubes filled with normal aggregate concrete. The
specimens (excluding the hollow ones) were divided into five
groups with the first four groups containing 14 tubes each, of
which six tubes were strengthened with CFRP. The fifth group
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Table 1

Mix promotions of recycled and normal aggregate concrete.
Concrete type Replacement ratio (%) Cement (kg) Water (kg) Sand (kg) NA (kg) RA (kg) Slump (mm)
Normal 0 438 203 710 977 0 95
Recycled 50 438 203 710 489 489 89

includes 21 tubes to be subjected to impact by four different
impactors without the CFRP strengthening. The tubes in the first
group are with 3 mm wall thickness (t), whilst that for the other
groups is 3.6 mm thick. To examine the effect of the specimen
length on the impact response of the tubes, the specimens were
prepared in three different lengths, i.e. 686 mm (6D), 1029 mm
(9D) and 1543 mm (13.5D). The letters S, M, and L in the specimen
ID refer to Short, Medium and Long, respectively. The “50” and “0”
represent 50% of the recycled aggregate and the normal aggregate
concrete, respectively. The small letter “s” refers to the strength-
ened tube with CFRP and the letter “H” refers to the hollow tube.
To examine the effect of impactor shape on the behaviour of the
CFST, two types of impactor were used in the tests. The first one
is the spherical impactor with three diameters of 60 mm (BI),
40 mm (MI) and 20 mm (SI). The second type is a flat impactor
with 40 mm x 40 mm square (FI) section.

The interior surface of each tube was cleaned by steel wire
brush to remove any rust and/or dust. Each tube was filled with
the concrete in layers and then compacted using a vibration poker.
All the tubes were covered by a nylon sheet after the compaction to
retain the necessary moisture to ensure complete hydration. The
gap resulting from shrinkage at the top surface of the concrete
was filled with cement mortar.

The bearing capacity and stiffness of the CFST columns
strengthened with CFRP could be considerably enhanced [17].
The ductility of the columns increases with reducing the number
of layers of CFRP reinforcement [42]. At the same time, CFRP is
an expensive material. Thus, only one layer with a length equal
to one-thirds of the tube length was used in this investigation.
Strengthening the mid span area was adopted, as this area experi-
ences a higher local and global displacements during the direct
impact by a drop-hammer.

To obtain a better bond between the surface of the tube and the
CFRP, the external surface of the steel tube was treated by a rough
aluminium oxide paper and then cleaned by dry tissue to remove
dust. EL2 epoxy laminating resin has a 100:30 mixing ratio, i.e.
100 parts of resin to 30 parts of hardener by weight was used. After
the woven sheet and resin were placed on the tube, the tube was
tightly wrapped by a high shrink composite tape to consolidate
the strengthening. Post curing in an oven at up to 60 °C for 8 h
was applied to help settlement for one layer of the reinforcing
material as recommended by the manufacturer.

2.4. Set up of the impact test

The specimens were tested under lateral impact load using a
drop-hammer, as shown in Fig. 1. The maximum height of the rig
is 2.6 m. The mass of the drop hammer is 106, 106.5, 107, and
107.5 kg for SI, MI, FI, and BI respectively. High strength steel
clamps were used to provide fixed ends of the specimens to mimic
the fixed boundary conditions of the column ends. In order to
reduce the vibration resulting from the high energy impact, a steel
frame was used to fix the steel clamp to the ground with a 12 mm
thick fiberboard. The clamps were adjustable on the steel frame to
suit the change of the tube with different geometry. A Laser Dop-
pler Velocimeter (LDV) was used to obtain the impact force and
the total displacement. The Dantec Flowlite LDV system was
adopted in this study. This system includes a Burst Spectrum

Analyser enhanced (BSA) signal processor model 57N21, which
was linked to a computer via an interface card, optic unit and a
fibre optic cable. All the impact tests were carried out with the
similar initial impact energy, which was 2650 ] + 100 ] depending
on the weight of the impactor and the initial velocity. To capture
the total and global displacements and the mode of failure of the
specimen, a High Speed Camera (HSC) was used with two high
voltage lights. The LDV signals were processed using the digital fil-
ter software imPRESSion 6 [43] with 500 Hz cut-off frequency to
smooth the noise. During each test, measurements of the veloc-
ity-time history and the deformations were recorded, and then
the global displacement, the total displacement and the contact
force were derived from the HSC and LDV. The permanent indenta-
tion was also measured using a Vernier caliper and steel strip.

3. Results and discussion
3.1. Load-displacement relationships

When the impactor hits the tube with an initial velocity, the
deformation will start with a local indentation, as shown in Fig. 1
(c), which is equal to the deference between the displacement on
the top surface (or the total displacement) and the displacement
on the bottom surface (or the global displacement). Therefore,
two types of displacements were obtained in this study using the
high speed camera and the laser Doppler Velocimeter, i.e. the total
displacement (6) and the global displacement, as shown in Figs. 2—
8 and in Figs. 9 and 10 respectively.

The concrete filling contributes to increasing the maximum
impact force by 217%, 182% and 157% respectively for the short,
medium and long tubes in comparison to their hollow counter-
parts. Furthermore, the concrete filling causes a significant reduc-
tion in the total and global displacements. For the short tube, the
global and total displacements were reduced by 31% and 75%,
respectively. The total displacement decreased by 68% for the tube
with L/D ratio of 9, while it decreased by 75% for the one with L/D
ratio of 13.5. The test results are summarised in Table 2.

Fig. 2 shows impact force - total displacement curves of the
short, medium and long hollow steel tubes. The maximum force
was increased from 64.74 kN for the long tube to 83.97 kN for
the short one, while the corresponding maximum total displace-
ment decreased from 68.7 mm to 52.1 mm. From these results, it
can be seen that with increasing the tube length, the local defor-
mation increases and the impact force decreases, as expected.

Fig. 3 reveals that the filling of the tube with concrete enhances
the resistance to the local indentation and reduces the total dis-
placement. Fig. 3 also shows that the maximum force decreases
when the tube length increases. The maximum force for the con-
crete filled short tube is 266 kN, while it decreases by 27% and
38% for the medium and long tubes, respectively. The vibration
effect is also evident for the long tube.

Fig. 4 gives the comparisons of the long tubes filled with normal
or recycled aggregate with or without the local CFRP strengthen-
ing. The maximum force for the tube filled with normal aggregate
was 166 kN, while that for the one filled with recycled aggregate
was 164 kN, also with the displacement being increased from
28.2 mm to 29.8 mm. In general, for the specimens filled with recy-
cled aggregate concrete, the maximum force was slightly lower
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Fig. 1. Set up of the impact test. (a) General set-up. (b) Close up image. (c) The total and global displacements.

than that filled with normal aggregate, whilst the displacement
was higher. This is due to the lower mechanical properties of the
recycled aggregate which leads to the slight reduction of the load
carrying capacity of the concrete. The recycled aggregate has the
same effect on the medium and short tube, as shown in Figs. 5
and 6, respectively. The contact force for the medium tube was
reduced by 6.3%, while the reduction for the short tube was 6.4%.
This evidence suggests that the RACFST columns can be used in
the new construction with suitable quality control. Moreover, the
tubes with the CFRP strengthening do show a higher initial
stiffness.

The effect of the impactor shape on the impact behaviour of the
CEST columns was examined. The results show that with the
increasing size of the impactor, the contact force increased and
the total displacement decreased for both types of concrete, as
expected. Fig. 7 shows that increasing the diameter of the impactor
from 20 mm to 60 mm leads to an increase of the contact force
from 220 kN to 286 kN due to a larger contact area, while reducing
the total displacement from 16.3 mm to 13 mm, respectively. The
RACFST specimens give a lower bearing capacity than the NACFST
specimens with different impactor shape and diameter, which is
shown in Fig. 8. The load capacity of the RACFST specimen tested
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Fig. 2. The force-displacement curves for the hollow tubes with different lengths.

with the small impactor (SI) is reduced slightly from 220 kN to 216
kN, whilst those tested with medium impactor (MI) are reduced
from 267 kN to 259 kN. The maximum force and the total displace-
ment for the specimens tested are displayed in Table 2.

The strengthened NACFST and RACFST specimens with CFRP
show a similar impact response; however, the contact forces for
the strengthened tubes with three different lengths are less than
those of the unstrengthened ones during the first stage of the test,
as shown in Figs. 4-6. The use of one layer of CFRP caused a drop of
the contact force, as it dampened the contact interaction and
reduced the frequencies, which contributed to the reduction of
the maximum force. From Fig. 4, it can be seen that the maximum
force reduced for all the long specimens is from about 160 kN
down to as low as 10 kN. This is likely attributed to the vibration
of the specimens and bouncing back of the impactor during the
test. However, the contact forces associated with the CFRP
strengthened tubes were reduced less than those of the
unstrengthened specimens due to the damping effect of the CFRP
mentioned before. The contact force for the medium-long
strengthened specimen was 176.7 kN, while it was 193.7 kN for

Table 2
The impact test results.

the related unstrengthened specimen. The strengthened RACFST
specimens exhibited the same behaviour to those with normal
aggregate. The contact force was reduced from 164 kN to 142 kN
for the long RACFST specimens.

The global displacement evaluated from the HSC for the
strengthened NACFST and RACFST indicates that the CFRP has a
reasonable effect on the global displacement of the tubes. Fig. 9
and 10 show that one layer of CFRP reduces the global displace-
ment by about 8.3% and 6.2% for the long and medium tubes,
respectively. It can be seen from the figures that the initial dis-
placement is almost zero with sharp increasing contact force. This
is because the initial local indentation is not being taken into
account in the global displacement, which gives much higher ini-
tial stiffness on the load versus global displacement plots.

3.2. Deformation modes

Despite the columns being tested with three different L/D ratios,
RACFST and NACFST columns failed in a similar deformation mode.
The sequence of the failure is: (1) the local indentation is initiated
at the contact area between the impactor and the column; and (2)
the global deformation at the mid-span of the column begins when
the impact energy exceeds the local deformation energy. Fig. 11(a)
shows the effect of the specimen length on the local indentation
mode. It can be seen that, with the same spherical impactor, the
indentation diameter decreases with increasing specimen length,
which are 18 mm for the long tube (L), and 21 mm and 25 mm,
for the medium (M) and short (S) tubes, respectively.

The indentation depth was also measured with the average
depth for the short tube as 6.2 mm, while 4.9 mm for the medium
tube and 4.2 mm for the long tube. It is clear that the initial inden-
tation increases with increasing tube stiffness which is dependent
on the length of the specimens. With different diameters of the
spherical impactor, the indentation diameter increases with
impactor diameter as expected, whilst the indentation of the flat
impactor has the same dimensions and shape of the impactor.
The indentation depths of the small and medium impactors are
10.1 mm and 6.2 mm respectively, whilst that for the large

Specimen ID Maximum force (kN) Total disp. (mm) Indentation (mm) Total energy (J) Absorbed energy (]) Absorbed energy ratio (%)
SO 217.3 19.0 11.9 2655.0 2460.0 92.7
S50 195.7 19.4 12.3 2670.0 2472.0 92.6
SOs 229.4 20.8 13.7 2661.0 2455.0 923
S50s 187.4 19.9 13.7 2578.0 2422.0 93.9
SH 84.0 52.2 - 2442.0 2268.0 92.9
S0-BI 286.3 12.9 4.6 2478.0 2152.0 86.8
S50-BI 259.3 134 52 2481.0 2217.0 89.4
SO-MI 266.0 14.0 6.2 2687.0 2340.0 87.1
S50-MI 250.0 14.6 6.4 2659.0 2314.0 87.0
S0s-MI 274.0 13.9 7.1 2522.0 2247.0 89.1
S50s-MI 253.0 14.0 7.1 2486.0 2199.0 88.5
S0-SI 220.1 16.4 10.2 2546.0 2308.0 90.7
S50-SI 216.0 15.6 104 2527.0 2277.0 90.1
SO-FI 319.0 11.2 1.9 2455.0 2191.0 89.2
S50-FI 317.8 114 2.2 2509.0 2214.0 88.2
MH 98.7 57.1 - 2460.0 2336.0 95.0
MO 193.0 18.8 4.9 2616.0 2182.0 83.4
M50 181.1 19.2 4.9 2653.0 2229.0 84.0
MOs 176.7 19.2 5.0 2470.0 2060.0 83.4
M50s 179.7 18.6 52 2445.0 2013.0 823
LH 64.7 68.7 - 2351.0 2253.0 95.8
LO 166.0 28.2 4.2 2643.0 2257.0 85.4
L50 164.1 29.8 4.3 2729.0 2449.0 89.7
LOs 1325 29.0 4.8 2464.0 2095.0 85.0
L50s 1421 28.0 4.9 2449.0 2084.0 85.1

" (Absorbed energy | Total energy) x100.
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Fig. 3. The force-displacement curves for the concrete filled tubes with different
lengths.
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Fig. 5. The force-displacement curves for the medium NACFST and RACFST tubes
with and without CFRP strengthening.

impactor is 4.6 mm and that for the flat impactor is only 1.85 mm.
The effects of the diameter and the shape of the impactor are
shown in Fig. 11(b).

For the specimens strengthened with CFRP, the failure of the
surface reinforcement was initiated with a crack at the bottom of
the section in the mid-span and around the edge of the indenta-
tion. The contact area of the CFRP layer with the impactor was
completely smashed. However, there was no obvious separation
observed between the CFRP layer and the steel tube, except for
the contact area with the spherical impactor in a small diameter,
as shown in Fig. 12. The effect of the specimen length can be clearly
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Fig. 6. The force-displacement curves for the short NACFST and RACFST tubes with
and without CFRP strengthening.
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Fig. 8. The force-displacement curves for the short RACFST tubes with different
impactors.

seen, with the crack width increased from 1 mm for the short tube
to 5 mm for the long one and the crack width for the medium tube
about 2 mm. Table 2 reveals that with one layer of CFRP reinforce-
ment the indentation depth increased slightly for a given tube
length, due to enhancement of the stiffness of the tube which gives
a higher resistance to the global deflection.

Although concrete is a brittle material, the confinement effect
allows the concrete to behave like a ductile material, as can be seen
from Fig. 13, in which the indentation diameter and shape for the
concrete core are shown. The cracks were initiated at the mid span
of the concrete core opposite to the indentation side. With the
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Fig. 10. The effect of the FRP layer on the global displacement of the medium CFST
specimens.

increasing tube length, the crack width and the numbers of cracks
were also increased due to a larger deflection.

Fig. 14 shows that the hollow steel tubes failed in a similar
manner, despite there being three different lengths. The local
indentation depth at the mid span of the short tube was higher
than those of the medium and the long tubes, while the overall dis-
placement was smaller. Fill the tube with concrete plays a vital role
in changing the deformation mode of the specimens, also reducing
the local indentation and the global displacements as well as
avoiding local buckling due to the composite action of the concrete
core and steel tube.

3.3. Energy absorption

The area beneath the force - displacement curve was used to
calculate the total and absorbed energies, as can been seen in
Fig. 15. The ratio of the energy absorption to the total energy
applied was then determined, which are tabulated in Table 2.
According to the test results, the total energy absorption was
highly affected by the CFRP. The total energy absorption decreased
from 2340 ] to 2247 ] for the short tubes without and with CFRP,
whilst the reduction for the medium and long tubes were 6% and
8%, respectively. This is due to increasing the specimen stiffness,
as a result of the additional confinement of one layer of CFRP.
The effect of the D/t ratio on the energy absorption is clearly
shown. The total energy absorbed by the short tube with a D/t ratio
of 38 is 5% higher than the short tube with the ratio of 32. In gen-
eral, the energy absorbed for the specimens filled with recycled

aggregate concrete was slightly higher than those filled with nor-
mal aggregate concrete. The energy absorbed by the long tube with
RA was 8.5% higher than those with NA, perhaps due to a relatively
low strength of the RA concrete. As shown in Table 2, it can be seen
that the hollow tube columns absorbed most of the applied impact
energy, with a percentage of 93, 95 and 96% for the short, medium
and long tubes, respectively. However, such the ratio for the CFST
columns was reduced by 6%, 13% and 12%, respectively, due to
the enhanced stiffness by the concrete core. In general, the tubes
filled with RA and NA concrete exhibited the similar ratio of the
energy absorption.

4. Modify the simplified analytical models
4.1. Total displacements

A simplified analytical model was developed to predict the
maximum total displacement “d,,4¢" at the mid-span of the fixed-
pin ended circular CFST column under impact loading [33]. The
model assumes that the impact kinetic energy (KE) is dissipated
by two plastic hinges formed at the maximum deflection of the
mid-span of the column. The local deformation of the column is
ignored in this model and the maximum total displacement can
be predicted as follows:

5ngx9 (1)

where L is the column length and 0 refers to the rotation angle of
the tube end, which can be obtained from:

KE

0= 2)

Here, M, refers to the dynamic plastic moment of the column
section which is calculated from the experimental sustained
impact force based on the bending moment diagram with consid-
eration of the strain rate effect for both steel tube and concrete
core by using a dynamic enhancement factor.

Bambach [31] assumed three plastic hinges as a failure mecha-
nism for the fixed ends CFSTs. In the current study, it is also
assumed that the CFST tube with both ends fixed forms three plas-
tic hinges as shown in Fig. 16, although they may not occur simul-
taneously. As the result of this fixity, the rotation angle is reduced.
Therefore, Eq. (2) is modified to count for the extra constraint,
which is proposed as

KE

V=, 3)

The impact kinetic energy can be calculated from:

KE = %MVZ (4)
where M and V are the mass of the drop-hammer and its impact
velocity, respectively. To predict the maximum total displacement
of the CFST columns with fixed ends, Qu’s model [33] was modified
using a regression analysis. The modified model considers the
effect of the impactor shape by introducing a shape factor “A”,
which is dependent on the ratio of the external tube diameter to
the spherical impactor diameter (D/d;) and the ratio of the tube
length to the tube diameter (L/D). The shape factor can be expressed
as

{0.1211 dei+l.75, for3<Lt<13
1=

5
0‘12]1Xd2i+1'2’ ®)

for L > 13

The shape factor for a flat impactor with a 40 mm x 40 mm square
section is taken as:
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Fig. 11. Deformation modes of specimens. (a) The effect of the specimen length. (b) The effect of the impactor shape and diameter.

Ay =17 for £<6 (6)
D

Due to the limited experimental results available on the flat impac-
tor with L/D > 6 and the wedge impactor, no shape factor is pro-
vided in this study to cover impactors with this ratio range. The
modified model is applicable for the circular CFST column with
fixed ends only and a further modification is necessary to obtain
the maximum displacement for the CFST column with different sec-
tion shapes, boundary conditions and impactor configurations.The
maximum total displacement is further proposed as

L x KE
5max = S—I\/IPA’ (7)

Different theoretical models are developed to predict the plastic
moment of the CFST. Elchalakani et al. [12] derived a model to cal-
culate the ultimate bending capacity for circular CFSTs. The plastic
moment is expressed as

2,
M, = §fcr,3 cos® y, + 4f 1ot cos Y, (8)

where f. is the compressive strength of concrete cylinder, f, is the
yield strength of steel tube, t is the tube thickness, r; is the inner
radius of the tube, and r,,, = (r; + R)/2 is the mean radius. yq is the
angular location of the plastic neutral axis and it can be calculated
by the following equation.

155
.
TV ATTATIAVRTTOVRA
e
I\ i J
it
_ %(fyrmt) (9)
Yo = (e
2+7 fyr,,,t)

Deng et al. [44] calculated the moment capacity of the CFST col-
umns by the summation of the constituent moments of the steel
and concrete about the neutral axis. Other formulae to calculate
the plastic moment were developed by Han [10], Roeder [45],
CIDECT [46] and the AlJ code [47]. All these formulae are employed
in Eq. (7) to predict d,,q¢ and the calculated displacements are com-
pared with the experimental data to evaluate different approaches.
The full comparisons of the experimental measurements and those
predicted using the current modified model based on various plastic
moment formulations are listed in Table 3. Fig. 17 shows the pre-
dicted maximum displacements using Eq. (7) with the plastic
moment model from Elchalakani et al. [12], together with the
experimental data. It is clear that the predicted d,,qy values are in
a very good agreement with the experimental results, in relation
to different parameters, i.e. tube thickness, L/D, D/d; and concrete
type.

Some research work [11,33,34] included the strain rate effect
for steel using the Cowper-Symonds model and for concrete in
tension and compression using the relationships given in the
CEB-FIP model code [48].

Although some researchers [49] indicated that there is an
insignificant strain rate effect on impact tests with a strike velocity
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Fig. 12. The effect of the specimen length on the failure mode of the specimens strengthened with FRP.

less than 10 m/s, according to Deng and Tuan [36] such the effect
(resulting in 10-20% increase of the material strengths) cannot
be ignored in the analysis and design of concrete and steel even
subjected to lateral impact with such the velocity. However, the
current analysis is based on the static moment capacity. Therefore,
it is worth pointing out that the theoretical predictions of impact
force and the related displacement may only be valid to the cases
related to the following parameter ranges, i.e. an impact velocity
up to 10 m/s; concrete strength: 20-80 MPa; yield strength of
steel: 250-750 MPa; D/t ratio: 23-83.

4.2. Impact force
Bambach [31] presented a theoretical model to predict the
maximum force for the CFST member with fixed ends under static

and impact loadings based on a rigid-plastic analysis, which may
be expressed as

F

_6M, (Noam)z 8M,

L \4M, L (10)

where Nj is the fully plastic axial force of the steel tube and it can be
calculated from:

Ny = 4Dtf, (11)

This model is applicable to L/D ratios between 14 and 35. Therefore,
a modification was required to use this model suitable for the short
circular CFST columns. The modified model is proposed as:

2
F= (% (No5max> +%> x B xC (12)

L\ 4M, L

where B and C are the modification factors obtained from a regres-
sion analysis based on the current experimental results, which can
be obtained from:

p_ J0.002x (5 +0.0179 4§+ 05416, for3 <k< 14 a3
1.2, for £ > 14
c_ 077209« %1069, for spherical impactors
= . (14)
1.2, for flat impactors

For the wedge and flat impactor with L/D > 6, the factor “C” is not
applicable due to the limited experimental results available. Thus
the impact force for the specimens, tested by Wang et al. [37] and
Han et al. [35], was predicted based on their experimental maxi-
mum displacement. These results, together with the impact force
predicted for the CFST specimens of the current study, are com-
pared with the experimental data. The comparison has shown a
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Fig. 13. The effect of the specimen length on the failure mode of the concrete core of the CFST specimens.

Fig. 14. The effect of the specimen length on the failure mode of the hollow
specimens.

very good agreement between the recorded impact force and those
predicted using the modified model, which is displayed in Fig. 18.
The complete comparison between the experimental impact force
and the predicted ones using Eq. (13) with different plastic moment
models is summarised in Table 4. It shows that the predicted impact
forces with the closest correlation to the experimental ones were
obtained by employing the plastic moment calculation proposed
by Elchalakani et al. [12]. The modified model was also validated

300

200 -

Force (kN)

'€&——— Absorbed energy

50 A

>
Recovered

'€«———— Total energy >
/J energy

0 T T T T T
0 2 4 6 8 10 12 14 16
Displacement (mm)

Fig. 15. The calculation of the total and absorbed energies for the short NACFST
column.

against the results from Han et al. [35] and Wang et al. [37]. Table 5
compares the predicted impact forces with the measured ones for
the specimens from those experimental studies. The modified
model is applicable for the circular CFST columns with fixed ends
only and further work is required to compute the maximum impact
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Fig. 16. Equivalent plastic hinge model for the fixed ends CFST column.

force for the CFST column with different tube cross sections, bound-
ary conditions and impactor shapes.

4.3. Influence of various parameters
Using the modified models developed in this paper, parametric
studies were carried out on the selected parameters that may

affect the impact behaviour of CFST under lateral impact loadings.
The predicted results are listed in Table 6.

Table 3
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4.3.1. The tube length

The effect of the length to diameter ratio of the tube was stud-
ied, which is shown in Fig. 19. The adopted ratios were from 6 to
40. The results show that with increasing the tube length, the dis-
placement increases from 31.5mm to 94.4 mm. However, the
impact force decreases from 144 kN to 69 kN. This is due to the
reduction of the tube stiffness with increasing slenderness.

4.3.2. The material strength

Effects of both the concrete compressive strength and yield
strength of the steel tube on the impact response were also studied
(Table 6). The results show that increasing the compressive
strength of the concrete from 20 MPa to 80 MPa leads to an
increase in the impact force from 146.3 kN to 171.5 kN, whilst it
reduces the total displacement from 32.2 mm to 26.6 mm. The
total displacement is reduced by 59.2% and the impact force
increased by 133% with increasing the yield strength f, from
250 MPa to 750 MPa, due to the increase of the plastic moment

The comparison between the predicted total displacements from Eq. (7) for the CFST columns using different plastic moment models.

Tube ID Exp. dis. (mm) Pred. dis. Error % (1) Pred. dis. Error % (2) Pred. dis. (mm) (3) Error % (3) Pred. dis. Error % (4) Pred. dis. (mm) (5) Error % (5)
(mm) (1) (mm) (2) (mm) (4)
SO-MI 14.0 15.3 9.3 171 224 16.2 15.7 115 17.7 17.3 23.6
S50-MI  14.6 154 54 17.1 17.3 16.1 104 11.5 214 17.2 17.7
SOs-MI 139 143 3.1 16.0 15.5 15.2 9.2 10.8 224 16.2 16.6
S50s-MI  14.0 141 0.8 15.7 12.2 14.8 5.6 10.5 249 15.8 12.6
S0-BI 12.9 133 2.7 14.8 15.0 14.0 8.8 10.0 22.6 15.0 16.2
S50-BI 134 134 0.0 149 113 14.0 4.7 10.0 25.5 15.0 11.7
S0-SI 16.4 16.9 2.8 189 15.1 17.9 8.9 12.7 22.6 19.1 16.3
S50-SI  15.6 16.7 6.8 185 18.8 17.4 11.8 124 20.4 18.6 19.3
SO-FI 11.2 113 1.1 12.7 13.2 12.0 7.0 8.5 239 12.8 14.3
S50-FI 114 11.5 0.4 12.7 11.7 12.0 52 8.5 25.2 12.8 121
MO 18.8 19.7 4.6 22.0 17.0 20.8 10.5 14.8 214 222 18.0
M50 19.2 20.2 5.1 224 16.8 21.1 9.8 15.0 21.8 225 17.0
MOs 19.2 18.0 6.1 20.2 5.0 19.0 0.8 13.5 29.5 203 59
M50s 18.6 18.1 2.5 20.1 8.2 18.9 1.8 135 27.5 20.2 8.5
LO 28.2 29.2 34 325 15.3 30.6 8.7 21.8 22.7 32.7 16.0
L50 29.8 30.5 24 33.8 133 31.7 6.4 22.6 24.2 33.8 134
LOs 29.0 27.5 53 30.6 5.5 28.8 0.5 20.5 29.2 30.8 6.1
L50s 28.0 274 23 303 8.2 284 1.5 203 27.7 30.3 8.2
SO 19.0 20.3 6.7 19.9 4.6 219 15.4 15.8 16.9 24.0 26.1
S50 194 20.3 4.8 19.8 2.2 21.8 124 15.7 19.1 23.8 225
SOs 20.8 20.2 3.1 19.8 5.0 21.8 49 15.7 24.5 23.8 14.5
S50s 19.9 19.5 1.8 19.0 4.3 21.0 53 15.1 24.2 22.8 14.8

Where: “(1)", “(2)", “(3)", “(4)", and “(5)" refer to the predicted total displacements based on the plastic moment models from Elchalakani et al. [12], Han, CIDECT [45], Al]

[46], and Roeder et al. [44], respectively.
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Fig. 17. Comparison between the experimental and predicted maximum total displacement for the CFST columns with different parameters.
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Fig. 18. Comparison between the experimental and predicted impact force for the CFST columns with different parameters.

The comparison between the predicted impact force from Eq. (12) for the CFST columns using different plastic moment models.

Tube ID Exp. F (kN) Pred. F (kN) (1) Error % (1) Pred. F (kN) (2) Error % (2) Pred. F (kN) (3) Error % (3) Pred. F (kN) (4) Error % (4) Pred.

Error % (5)

F (kN) (5)

SO-MI  266.0 258.6 2.8 2323 127 2449 7.9 341.0 282 2383 104
S50-MI 2500 255.8 23 2313 75 2449 21 3408 363 237.0 52
SOs-MI  274.0 2583 5.7 2319 15.4 2445 10.8 340.9 244 2393 12.7
S50s-MI  253.0 2554 0.9 230.7 8.8 2444 34 3406 346 2382 5.8
SO-BI 2863 2942 2.8 263.9 7.8 2785 2.7 388.7 3538 274.1 43
S50-BI 2593 291.0 12.2 262.8 13 2785 74 388.4 498 2724 5.1
SO-SI  220.1 2227 1.2 2003 9.0 211.0 41 2933 332 2033 7.7
S50-SI  216.0 2202 2.0 199.3 7.7 2109 24 293.0 356 202.6 6.2
SO-Fl  319.0 3123 2.1 279.8 12.3 2954 74 4132 295 2935 8.0
S50-FI  317.8 308.9 2.8 2786 12.3 2954 7.0 4128 29.9 2916 82
Mo 193.0 186.7 33 168.5 12.7 177.4 8.1 2455 272 169.8 12.0
M50 181.1 184.7 2.0 167.9 73 1775 2.0 2453 355 168.7 6.8
MOs 176.7 186.1 53 167.8 5.0 176.8 0.1 2453 3838 171.2 3.1
M50s  179.7 184.1 24 167.1 7.0 176.8 16 245.1 36.4 1704 52
L0 166.0 160.5 33 146.9 115 154.0 7.2 209.3 26.1 139.9 15.7
150 164.1 159.4 2.8 147.0 104 1545 538 209.2 275 1385 15.6
LOs 1325 159.9 207 146.0 10.2 153.2 15.7 209.0 57.7 141.7 7.0
150s  142.1 1582 11.3 1453 22 153.1 7.7 208.7 46.9 141.7 03
S0 2173 195.8 9.9 200.7 7.6 182.0 16.3 2486 14.4 1732 203
S50 195.7 194.2 0.8 200.1 23 182.0 7.0 2486 27.0 1724 11.9
SOs 229.4 195.8 147 200.7 12,5 182.0 20.7 2486 8.4 173.3 245
S50s 1874 1939 35 199.8 6.6 181.6 31 2486 327 1733 75

Where: “(1)", “(2)", “(3)", “(4)", and “(5)" refer to the predicted total displacements based on the plastic moment models from Elchalakani et al. [12], Han, CIDECT [45], Al]
[46], and Roeder et al. [44], respectively.

Table 5
Comparisons between the predicted maximum impact force and experimental results from Wang et al. [37] and Han et al. [35].

Tube ID Exp. dis. (mm) Exp. F (kN) Pred. F (kN) Error %

Wang et al. DBF14 19.4 59.5 57.0 4.2
DBF16 25.7 59.0 57.3 2.8
DBF17 32.7 60.6 57.8 4.7
DBF13 419 60.8 58.5 3.8
DBF12 56.1 60.0 60.0 0.0
DZF32 17.0 102.0 104.7 2.6
DZF22 394 112.8 109.9 2.6
DZF23 63.8 1124 1203 7.0
DZF24 65.4 112.2 121.1 8.0
DZF25 724 125.2 125.1 0.1
DZF27 74.0 120.8 126.1 44
DZF28 79.4 122.6 129.5 5.6
DZF29 823 122.8 1314 7.0
DZF26 87.2 123.2 1349 9.5

Han et al. cc1 64.0 231.0 202.5 124
cc2 70.0 241.0 203.8 15.5
CC3 91.0 198.0 209.2 5.6
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Table 6
The effect of the selected parameters on the maximum impact force and total displacement for CFST columns.
Variables V (m/s) f¢’ (MPa) fy (MPa) d; (mm) t (mm) D (mm) L (mm) L/D Mass (kg) Dis. (mm) F (kN)
L 7 56.7 450 40 3.6 114.3 1500 13.0 106.5 315 144.0
2000 17.5 42.0 119.4
2500 22.0 52.5 99.5
3000 26.0 63.0 86.9
3500 31.0 73.4 78.5
4000 35.0 839 72.8
4500 40.0 94.4 68.8
d; 7 56.7 450 80 3.6 1143 520 106.5 13.6 330.7
100 133 366.9
120 13.2 403.1
140 13.0 439.3
160 13.0 475.5
180 129 511.8
f 7 20 450 40 3.6 1143 1360 106.5 32.2 146.3
30 311 150.3
40 30.1 154.4
60 28.3 162.8
70 27.4 167.1
80 26.6 171.5
fy 7 56.7 250 40 3.6 114.3 1360 106.5 45.1 105.5
350 35.0 133.5
550 24.1 189.5
650 20.9 217.6
750 18.4 2458
Vv 3 56.7 450 40 3.6 114.3 1360 106.5 5.2 156.0
5 14.6 157.3
9 47.2 171.2
12 839 204.6
15 131.0 2749
Mass 7 56.7 450 40 3.6 1143 1360 20 5.4 156.0
50 134 157.0
150 40.2 167.0
200 53.6 175.7
250 67.0 186.9
D 7 56.7 450 40 3.6 100 4000 106.5 110.3 74.9
114.3 83.9 108.2
150 48.4 106.0
200 27.1 177.4
250 174 287.6
300 121 433.5
t 7 56.7 450 40 3.6 1143 4000 106.5 83.9 72.8
5 65.6 86.8
6 57.1 96.6
7 50.8 106.1
160 100
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Fig. 19. The effect of the L/D ratio on the maximum total and impact force.

capacity of the column section. Clearly, the change of concrete
strength has much less influence on the impact response in com-
parison to changes of the L/D ratio and the yield strength of the
steel tube.

Fig. 20. The effect of the di/D ratio on the maximum impact force.

4.3.3. The impactor diameter

The spherical impactor diameter has a significant influence on

the impact force, particularly with a small L/D ratio. Fig. 20 shows
the increase of the impact force with increasing the impactor
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Fig. 21. The effect of the impact kinetic energy on the total displacement and
impact force.

diameter from 100 mm to 180 mm with three L/D ratios. Increasing
the contact area between the impactor and the tube reduces the
local indentation and increases the impact resistance of the col-
umns in a linear fashion for a given L/D ratio.

4.3.4. The impact kinetic energy

Two L/D ratios were selected to examine the influence of the
impact kinetic energy on the total displacement and impact force
by using a range of impact velocities and drop hammer masses.
The impact velocity range was from 3 m/s to 15 m/s, while the
drop hammer mass range was from 20 kg to 250 kg. The results
show that the KE affects the impact response significantly, partic-
ularly with slender columns. When the KE increases, both the total
displacement and the impact force increase, especially with high
L/D ratio, as shown in Fig. 21. The impact force increases from
52 kN to 466 kN and the displacement increases from 18 mm to
442 mm by increasing the kinetic energy from 0.5 kJ to 12 k] with
L/D ratio equal to 40. Increase of the initial impact energy makes
the column dissipate more energy due to increasing the impact
force and the corresponding displacement induced by the loading
with high strain-rates. The linear displacement and nonlinear force
are attributed to a linear function of the KE for the former and a
quadratic function of the KE for the latter.

4.3.5. The thickness and the outer diameter of the tube

Increasing the tube wall thickness and/or the outer diameter
will increase the plastic moment capacity due to increasing the
moment of inertia of the tube section, which leads to a stiffer col-
umn with a higher flexural capacity. This is shown clearly in
Table 6, which indicates the effects of the thickness and the outer
diameter of the tube on the total displacement and impact force,
respectively. The predicted results show that reducing the tube
wall thickness from 7 mm to 3.6 mm leads to a reduction of the
impact force by 46% and increasing the displacement by 65%. With
the same L/D ratio, increasing the tube diameter from 100 mm to
300 mm reduces the total displacement from 110 mm to 12 mm
and increases the impact force from 75 kN to 433.5 kN.

5. Conclusions

The structural behaviour of a large number of strengthened and
unstrengthened RACFST and NACFST columns subjected to lateral
impact loads has been investigated. Different column lengths and
impactors with various configurations are studied. In general, the
findings show that the RACFST and NACFST specimens have similar
deformation modes in relation to a number of parameters, i.e. tube
length, type of concrete, impactor diameter and the CFRP reinforce-

ment. The maximum force and the total displacement of the
RACFST tubes are comparable to those of the NACFST counterparts
due to the comparable compressive strengths of both types of con-
crete. The results also indicate that the load carrying capacity is
reduced by 27% and 38% when the tube length increased from
686 mm to 1543 mm, respectively. The unfilled reference steel
tubes with different lengths are also subjected to impact loading
to study the effect of the concrete filling on the impact behaviour.
The concrete filling has significantly enhanced the impact and the
total indentation resistance as well as reduced the global displace-
ment. The impactor configurations significantly affect the impact
force and the displacement for the tubes filled with normal and
recycled aggregate concrete. Enlarging the spherical diameter from
20 mm to 60 mm increases the impact force from 220 kN to 286 kN
and reduces the indentation depth from 10.2 mm to 4.6 mm.

The CFRP plays an effective role in enhancing the resistance to
global displacement. One layer of the CFRP reinforcement has
reduced the global displacement by about 8.3% and 6.2% for the
long and medium tubes, respectively. The RACFST tube can be rec-
ommended as a structural composite member for construction due
to the comparable load carrying capacity to the NACFST tube and
conservation of the natural resources, with appropriate mechanical
properties of the recycled aggregate.

The modified theories have been proposed to predict the total
displacement and the impact force of the concrete filled steel tube
columns studied. The predicted results have shown a very good
agreement with those recorded from the experimental investiga-
tion. With the validated models, the parametric studies have been
undertaken to provide reasonable results on influence of different
parameters such as L/D ratio, dy/D ratio, tube thickness, material
properties and the impact energy on the impact response. Here,
with increasing the L/D ratio from 13 to 40, the impact force is
decreased from 144 kN to 69 kN, whilst the displacement
increased from 31 mm to 94 mm. The CFST column exhibits a
higher impact resistance with increasing the dy/D ratio for a given
L/D ratio. Increasing the tube wall thickness from 3.6 mm to
7 mm shows a significant effect on the impact response of the CFST
columns, with the impact force being increased from 73 kN to
106 KN and the displacement being reduced from 84 mm to
51 mm. For the non-perforation damage, increasing the Kkinetic
energy by increasing the impact velocity and the drop hammer
mass induces the CFST column to increase the impact resistance
and the energy dissipation. The higher concrete strength and steel
tube strength contribute to the increase of the impact force and the
decrease of the displacement due to the high flexural capacity of
the tube.
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