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Abstract: Concrete columns in service are exposed to threats such as accidental impacts and explo-
sions, which pose potential risks to the safety of buildings. Although fully lightweight concrete
elements prepared from non-sintered fly ash ceramic pellets and pottery sand are widely used in
engineering practice, the dynamic response of such elements under impact loading is not supported
by adequate research data. Therefore, in this study, the dynamic response of all-lightweight concrete
columns under impact loading with different axial compression ratios (0.1, 0.2, and 0.3) was investi-
gated by means of drop hammer impact tests, and the potential of shear wave steel fibers in mitigating
structural damage and preventing structural failure was investigated. The results of the study reveal
that the specimens primarily exhibit shear and bending damage under impact loading. With an axial
compression ratio of 0.1, the specimen is dominated by bending damage. As the axial compression
ratio increases from 0.1 to 0.3, the specimen’s damage mode transitions to shear damage dominance.
This change results in a larger impact force and displacement response while experiencing lower
displacement acceleration. Additionally, the introduction of steel fibers improves the strength and
stiffness of the specimens, shifting their behavior from shear to bending damage. Consequently, this
reduces impact damage, mid-span displacement, and displacement acceleration while enhancing the
specimen’s response to the impact force and its capacity for deformation energy dissipation.

Keywords: non-sintered fly ash haydites; all-lightweight concrete columns; axial compression ratio;
steel fibers; mechanical properties for impact resistance

1. Introduction

Concrete columns bearing horizontal and vertical loads are important vertical mem-
bers of the building structure and may be subject to high strain rate loads during their
service period, such as vehicle collisions or gas explosions, thus threatening their load-
carrying capacity and durability, and may even trigger the progressive collapse of the
building due to member failure [1-3]. Therefore, the design and selection of columns need
to consider impact resistance to ensure the long-term safe operation of buildings.

The impact resistance of concrete columns has been studied in many tests and papers.
Sheng Xiang et al. [4] found a positive correlation between the drop height and peak impact
force, peak mid-span displacement, and residual deformation through drop hammer tests
on seven axially loaded SRC columns. In addition, a relatively high axial compression ratio
increases the stiffness of SRC columns, thus reducing the deflection deformation of the
columns under impact loading; Jia-Bin Ye et al. [5] conducted a study on the structural
response of slender RC columns under static or dynamic horizontal loading and found
that the RC column damage mode is bending damage. The RC columns were resisted by
overall bending under static load, while the horizontal impact force was mainly resisted
by inertia force, and the peak impact force under dynamic load was 4.51 to 15.27 times
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higher than that under static load. In addition, it was found that axial preload contributes
to the deformation recovery of RC columns under impact loading; Jian Cai et al. [6] studied
the effect of horizontal impact loading on the dynamic response of reinforced concrete
axial compression columns and found that only 42.6% to 97.5% of the initial impact energy
was used for structural deformation. Increasing the impact weight increases the average
impact force, and increasing the impact velocity prolongs the impact duration. An in-
crease in specimen length to slenderness ratio resulted in a decrease in bending stiffness,
leading to more severe specimen damage. The displacement and strain of the steel bars
were observed to be half-sine wave-shaped during the tests, and the velocity versus time
curves also showed uniform delayed motion. Gholamreza Gholipour et al. [7] found that
axial pressure has a significant effect on the dynamic response and damage behaviour of
RC columns under transverse impact loading. As the axial pressure ratio increased, the
damage mode of the column shifted from global to local with an increase in the initial
peak impact force, inertia force, bending moment, and shear force, while the deflection
deformation decreased. Jing-Ming Sun [8] showed that axial compression enhanced the
overall transverse stiffness of the RC column, but increasing the axial compression ratio or
impact velocity increased the inertia force and caused the column to change from bending
damage to shear damage. When the impact velocity is constant, increasing the axial com-
pression ratio from 0 to 0.24 improves the impact resistance of the column but increasing
it to 0.64 adversely affects it. The study conducted by Khalil AL-Bukhaiti [9] investigated
the effect of axial loading on the dynamic response of reinforced concrete (RC) members
under asymmetric lateral impact. Compression ratios between 0.05 and 0.13 resulted in
a decrease in impact resistance, leading to increased deflection. Inclined cracks in this
range expanded more slowly, took longer to form, and had lower resistance to damage.
At compression ratios greater than 0.13, inclined cracks formed earlier, causing brittle and
severe damage to the concrete at the point of impact.

Thong M. Pham [10] investigated the effect of rubber on the impact resistance of
concrete columns through pendulum impact tests and found that rubber concrete columns
had lower peak impact forces, and concrete columns containing 15% and 30% rubber
had 58% and 63% higher impact energy absorption, respectively, compared with normal
concrete columns. Wei Fan [11] proposed a UHPFRC sheath-reinforced column to evaluate
its performance under vehicle impact. The results showed that the displacement caused
by the impact was reduced by at least 50%, and when the impact velocity was not high,
increasing the thickness of the UHPFRC sheath could effectively improve the residual
bearing capacity of the reinforced column. The strengthening effect of CFRP on RC columns
has been reported in the literature [12]. The displacement of reinforced RC columns is
significantly reduced, and the shear damage is reduced at the same time. The failure mode
is changed from brittle shear to ductile bending. Meanwhile, more studies [13-17] have
shown that steel fibers can significantly improve the impact resistance of concrete members.

Fly ash is a kind of industrial waste produced by burning coal, containing many
respirable fine particulate matter (PM) and other harmful substances. By adopting non-
sintering technology, ceramsite and pottery sand made from fly ash are applied to concrete,
which can reduce environmental pollution and damage to the natural environment caused
by sand and gravel aggregate collection and, at the same time, reduce the dead weight of
buildings and reduce thermal conductivity [18-20]. This paper uses all-lightweight concrete
(hereinafter referred to as ALWC) with non-sintered fly ash ceramic particles and ceramic
sand as coarse and fine aggregate preparation; this type of concrete has the characteristics
of being impact prone to brittle splitting damage [21-23]. Very limited studies exist on the
impact resistance of ALWC made from non-sintered fly ash ceramic particles. Fly ash is
made into ceramsite and pottery sand and applied to concrete.

In summary, the impact resistance of concrete columns may change adversely with
increasing axial load, and the established research results on concrete columns make it
difficult to provide data to support the market application of ALWC columns due to the
differences in material properties. In the market for ALWC columns, the research for their
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impact-resistant mechanical properties is still in the initial stage. In this paper, to address
this issue, an experimental study of ALWC columns with different axial compression ratios
and steel fiber reinforcement conditions is conducted to evaluate this type of member’s
performance and provide a reliable data basis for its marketing.

2. Experimental Program
2.1. Specimen Design and Fabrication

The design of the ALWC column’s reinforcement structure and size follows the guide-
lines outlined in Code for Design of Concrete Structures [24]. Figure 1 illustrates the design
of the ALWC column, while Table 1 presents the design parameters of the specimen. The
specimen has a size of 250 x 250 x 2500 mm, is fixed at both ends, and has a net span
of 2000 mm. Longitudinal reinforcement, symmetrically arranged on both sides, consists
of 12 mm diameter bars. Hoop reinforcement, with an 8 mm diameter and spaced at
intervals of 150 mm, is also included. The concrete has a protective layer thickness of
20 mm. Additionally, four anchoring bolts are embedded at one end of the specimen, with
a depth of 500 mm.

Impact load

; 500 400 | 250
7l I 1
1A L ] 4812

wn

=
BT o 2
Axial load —$8@150
: A-A
T 1A BL 777 P20
Hydraulic actuator .. .
Reaction force equipment «——— OI . o 4412
. Yol
N —d8@150
k< 250 2000 . 250 3 P3@
| 2500 | B-B
IS | I
Figure 1. Reinforcement construction and dimensioning schematic for ALWC columns.
Table 1. ALWC Column Design Parameter Details.
Steel Fiber Axdal Longitudinal Reinforcement Stirrup
No. Volume Ratio (%) ComIfarteizswn b x h (mm) Reinforcement Stirrups Ratio (%) Ratio (%)
FACSC-1 - 0.1
FACSC-2 - 0.2
FACSC-3 ~ 03 250 x 250 4C12 A8@150 0.72 0.27
FACSC-4 1 0.2

A total of four square-section ALWC columns were designed for the test. Among
them, specimens FACSC-1, FACSC-2, and FACSC-3 had axial compression ratios of 0.1,
0.2, and 0.3, respectively. These specimens were utilized to assess the impact resistance
of ALWC columns under varying axial compression ratios. Specimen FACSC-4, with an
axial compression ratio of 0.2, was an ALWC column that incorporated 1% shear wave steel
fibers. This specimen aimed to examine the impact toughness enhancement resulting from
the inclusion of steel fibers in ALWC columns.

2.2. Material Properties

The design strength of ALWC is LC30, and its mix ratio is determined and optimized
in accordance with the “Technical Standard for Application of Lightweight Aggregate
Concrete [25]’, “Technical Specification for Application of Fiber Reinforced Concrete [26]’,
and ‘Steel Fiber for Concrete [27]’. The specific mix ratio can be found in Table 2, and the
constituent materials are shown in Figure 2. Ordinary 42.5 silicate cement was chosen
for this study. The particle sizes of non-sintered fly ash ceramic pellets and pottery sand
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are 5-16 mm and 3-4 mm, respectively. The bulk density of non-sintered fly ash ceramic
pellets is 772 kg/m?, with an average cylinder compression strength of 10.1 MPa and an
average dry apparent density of 1674 kg/m>. The slump of the mixture is 140-160 mm. For
this study, shear wave steel fibers with a rectangular cross-section were selected. Detailed
parameters can be found in Table 3. The parameters for the steel reinforcement are listed
in Table 4.

Table 2. ALWC proportioning details.

Steel Fiber Cement Fly Ash Ceramic Pellets Pottery Sand Fly Ash Water Reducing Admixture Water
Volume Rate (%) (kg) (kg) (kg) (kg) (kg) (kg)
- 450 693 531 50 3.6 200
1 440 670 558 40 3.6 192

Table 3. Details of steel fiber parameters.

. Thickness Width Length Tensile Strength
Type of Steel Fiber (mm) (mm) (mm) (MPa)
Shear Waveform 1.0 2.0 50 780

Table 4. Material property parameters of rebar.

Bar Diameter Yield Strength Ultimate Tensile Strength Elongation Elastic Modulus
(mm) (MPa) (MPa) (%) (GPa)
12 471 628 15.02 195
8 438 610 17.04 198

C)

Figure 2. ALWC’s main constituent materials are: (a) non-sintered fly ash ceramic granules;

(b) non-sintered fly ash ceramic sand; (c) fly ash; and (d) shear wave steel fibers.

A batch of cube specimens with a 150 mm side length and prism specimens with
150 mm x 150 mm x 300 mm size were poured while making ALWC column specimens.
These specimens were cured under standard conditions for 28 days to determine their cubic
compressive strength, axial compressive strength, splitting tensile strength, and modulus
of elasticity. The test blocks were loaded using a 200 T electro-hydraulic servo universal
testing machine with the loading rate set at 0.5 Mpa/s. Three experiments were conducted
for each strength test, and the results were averaged. The damage phenomena of test blocks
during loading are shown in Figure 3, and the strength test results of different test block
types of ALWC are detailed in Table 5.
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Figure 3. ALWC mechanical properties destruction phenomena: (a) cubic compressive strength test;
(b) axial compressive strength Test; (c) split tensile strength test; (d) modulus of elasticity test.

Table 5. ALWC mechanical property test results.

Steel Fiber Cubic Compressive Axial Compressive Split Tensile Modulus of
Volume Rate (%) Strength (MPa) Strength (MPa) Strength (MPa) Elasticity (MPa)
- 36.3 341 29 3.02 x 10*
1 42.0 38.9 3.88 3.33 x 10

2.3. Test Setup and Test Program

The experiment was conducted at the Structural Laboratory of Jilin Jianzhu University.
The impact testing apparatus comprised four components: a drop hammer testing machine,
a hydraulic actuator, a fixing device, and reaction force equipment, as depicted in Figure 4.
The base of the hydraulic actuator was tightly integrated with the left-side reaction force
equipment, applying an axial load to the left end of the specimen through the loading
head. The bolt rod for anchoring the specimen penetrated the hole on the right side of the
reaction force equipment and was secured at the back of the reaction force equipment with
a nut. The specimen and hydraulic actuator were fixed and supported using a combination
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of clamping plates and pedestals. The reaction force equipment was constrained by the
ground anchor, and its upward displacement was restricted by four reaction tie rods,
ensuring accurate application of the axial load and rebound of the specimen after impact.

Part name

Column

Reaction force equipment

Cabinet base

Bolt rod

Stabilization splint

Hydraulic actuator

Reaction tie rod

Hammer head

Figure 4. Schematic diagram of the impact test device: (a) arrangement of the device at the test site;
(b) model diagram of the test device.

The main parameters of the impact test are given in Table 6. Among them, m is the
mass of the falling hammer, g is the acceleration of gravity, hy is the height of the falling
hammerhead, Vj is the initial impact velocity, and Ey is the initial impact energy. E is
calculated from Equation (1). The test uses a circular hammer head with a diameter of
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22 cm. in which, before the axial load is formally loaded, a preload is carried out with a
preload value of 10 kN, and close attention is paid to the displacement of the column and
the tightening of the device connection during the loading process. After the preload was
unloaded, the gap between the test devices was checked, and the experimental equipment
was fastened according to the specific situation.

1
Ey = EmVO2 1)
Table 6. Details of impact test loading.
Steel Fiber Axial Load
. m (k h Vo (m/ E
No Volume Rate (%) Value (kN) Ratio (kg) 0 (m) o (m/s) o ()
FACSC-1 - 95 0.1
FACSC-2 - 190 0.2
FACSC-4 1 217 0.2

The falling hammer tester is shown in Figure 5. After the test begins, the grating
reflector above the hammer head causes a change in the reflected signal when the infrared
probe is routed, triggering the data acquisition system to record the strain signal generated
by the impact. After the hammerhead makes contact with the column, the impact force is
measured by the force sensor above the hammerhead. The data acquisition system is the
NIPXI e-1006Q from NI, which is acquired by LabView Signal Express 2015 software with
a sampling rate of 1 MHz.

(b) (c)

Figure 5. Drop hammer tester device: (a) hammer head; (b) guide rail; (c) infrared laser probe.

The steel and concrete strain gauges, as well as the acceleration and displacement
sensors, are arranged as shown in Figure 6. Among them, strain gauges S1~54 are used
to measure the hoop strain, strain gauges L1~L4 are used to measure the longitudinal
reinforcement strain, and strain gauges C1~C3 are used to measure the concrete strain in
the span. Acceleration sensors are arranged to the right of strain gauge C2 to measure
acceleration changes. A pull rod displacement sensor is arranged at the bottom of the
mid-span to measure the mid-span displacement.



Buildings 2023, 13, 2076

8 of 22

DRDEDED

Cl —
C2 —mm—> Acceleration sensor
C3—

|j—> Displacement sensor

(b)

Figure 6. Layout of test points: (a) Layout of strain measurement points of reinforcement;

L =D

(b) Layout of measurement points on the outer surface of concrete, acceleration transducer, and
tie-bar displacement transducer.

3. Results and Discussion
3.1. Specimen Damage Pattern

The final damage phenomena of the four specimens are shown in Figure 7. Figure 7
shows that vertical bending cracks and oblique shear cracks appear in the local area in the
span of the specimen after being subjected to the impact load [28,29], forming a wedge-like
local damaged area [30-32], which is caused by the stress wave propagation and reflection
in the thickness direction first at the initial moment of impact hammer contact with the
specimen. The diffusion pattern of the stress wave is similar to a spherical or wedge
shape [33], as shown in Figure 8. At this time, the impact causes the material points in the
local area across the middle to receive the same downward acceleration. It is worth noting
that at this time, the motion of the column outside the local area in the middle of the span
has not yet started to respond, and the specimen is in a stress mode similar to that of the
column embedded at both ends under concentrated static load, which is a local response
mode. The stress wave diffuses from the impact contact point, which leads to the influence
of longitudinal waves, reflected waves and shear waves in the mid-span, and then all
material points in this range begin to respond. The component is deflected by the normal
stress and shear stress produced by impact, and a local punching zone similar to a wedge is
formed in the mid-span, accompanied by a large number of bending cracks at the bottom
of the specimen and shear cracks around the impact zone. With the repeated reflection and
unloading of stress waves, the disturbance caused by impact gradually spreads to the far
end of the column and finally stably balances in the column. The column at the support
rotates slightly, and the embedded columns at both ends evolve into a stress mode similar
to a simple pillar, defined as the overall response mode. At this stage, the component will
deform and move as a whole, caused by the inertia effect.

Specimen FACSC-1 has an axial compression ratio of 0.1. The acceleration-induced
impact energy causes intrusion damage to the concrete in the impact contact zone, while the
surrounding protective layer spalling leads to partial exposure of the longitudinal reinforce-
ment. These exposed reinforcement bars deformed less under the impact and have not yet
yielded. The cracks of the specimen were concentrated in the mid-span region, showing a
radial pattern, and the primary forms of cracks included shear cracks and bending cracks,
with bending cracks dominating. The bending cracks originated from the cracking of the
concrete in the tensile zone at the bottom of the column span. Although these cracks extended
toward the impact point, they did not cause damage through the column section. According
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to the damage morphology of the specimens, it is known that the specimens have bending
and shear damage, and the bending damage accounts for a more significant percentage.

FACSC-1

FACSC-2

FACSC-3

FACSC-4

FACSC-4

FACSC-3 FACSC-4
(b)

Figure 7. Final failure modes of ALWC columns: (a) crack modes of specimens; (b) failure at the
impact point at the top of the specimen.
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Figure 8. Diagram of stress wave diffusion morphology.

Under an axial pressure ratio of 0.2, the concrete in the contact area of specimen
FACSC-2 was damaged in the same way as FACSC-1. During the test, the concrete at
the bottom showed a splash ejection phenomenon caused by the stress wave shooting
through the concrete material interface. The damage to the specimen mainly took the form
of diagonal shear cracks, and most of the shear cracks penetrated through the cross-section.
The cracks on the left side of the span mainly show two forms: the outermost is an arch-
shaped compression crack, while the rest are shear cracks with an inclination of 60 degrees
to the neutral axis section. The cracks on the right side of the span are concentrated in the
area near the middle of the span with an inclination of 45 degrees, showing the typical
punching and shearing damage characteristics. Compared with the whole column, the
anchor bolts embedded in the right end of the column play the role of reinforcement,
directly or indirectly, which increases the shear resistance of the concrete within the right
end of the column and thus inhibits the occurrence of shear damage in this region. Finally,
the damage mode of the specimen is shear damage.

The axial compression ratio of specimen FACSC-3 was 0.3. At the end of the test, the
compression and tension waves generated by the impact caused the concrete protective
layer of the longitudinal reinforcement on the right side of the span to be torn, and the
upper longitudinal reinforcement was exposed and entered into yielding, resulting in large
plastic deformation. It is important to emphasize that only the longitudinal reinforcement
on the right side of the span was exposed and yielded. The cracks in the specimen are
mainly manifested as shear cracks, while the vertical bending cracks are almost not visible.
An obvious shear crack is produced on the span centre position’s left side. In contrast, a
dense shear diagonal crack appears on the right side of the span’s center position. This
is due to the defective concrete casting at the hammering point on the right side of the
span; the hammering contact instantly causes local damage, and the upper longitudinal
reinforcement yields too quickly after losing the protection of the concrete layer and cannot
withstand sufficient load, resulting in overloading of the bearing components in the adjacent
area, i.e., the reinforcement and concrete are directly redistributed for stress. The shear
stress along the stress wave propagation path on the concrete increases, causing shear
damage to the ALWC and resulting in many cracks in the oblique shear plane. The damage
mode is dominated by punching and cutting damage.

Under the axial compression ratio of 0.2, the impact toughness of specimen FACSC-4
was better than that of specimen FACSC-2 after adding 1% volume rate of shear wave-type
steel fiber. No significant deflection deformation or aggregate spalling were observed in the
specimen, and only a slight round depression intrusion corresponding to the shape of the
hammerhead was observed at the impact point. Two transverse cracks were observed at the
bottom of the specimen, which were shallow and did not undergo further extension at the
height of the section. The bearing capacity of the specimen was retained to the maximum
extent, and the damage was relatively mild. The steel fibres enhance the impact toughness
of the ALWC columns because the specimens are subjected to temperature and chemical
shrinkage stresses during curing, which can produce invisible micro-cracks within the
concrete. Under low working environment stress, steel fibers effectively consume this
stress in an elastic state and strengthen the adhesion between steel fibers and concrete
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aggregates through their unique shape, resulting in a higher load-bearing capacity of the
formed specimens [34-36]. During the damage to the specimen, tiny cracks are generated
inside the concrete, and the steel fibers can bridge or pass through these cracks to form
microscopic crack beams, thus effectively preventing further expansion of the tiny cracks.
At the same time, steel fibers also make up for the shortcomings of concrete’s lack of tensile
strength. When the concrete tensile damage occurs, the stress generated inside the concrete
is partially transferred to the nearby steel fibers, forming a tensile steel fiber influence
zone. The steel fiber is stretched in the process, and its end is caught in the concrete,
transferring the stress to other areas, driving the crack surrounding area to participate in
stress consumption, restraining the further expansion of the crack, and reducing the stress
concentration at the crack [37-39].

3.2. Time Course Analysis of Impact Force

The time history curve of impact force can accurately reflect the specimen’s response
under impact load. Information on the strength, stiffness, and failure stage of the specimen
can be obtained through this curve. Figure 9a shows the time history curve of the impact
force of each specimen under impact obtained from the test, and Figure 9D is a partially
enlarged view of Figure 9a from 0 to 4 ms. The specimen FACSC-1 was selected as a typical
specimen, and it was observed that the curve development process was roughly divided
into the primary peak stage, secondary peak stage, and unloading stage, as shown in
Figure 9c. First, when the hammer touches the specimen for the first time, the impact can be
released quickly, the impact force instantly climbs to its maximum, and the hammer and the
cylinder accelerate downward together. Affected by inertial resistance, the contact between
the hammer and the specimen will weaken rapidly and bounce up, and the impact force
will drop sharply from the peak to 0, which is the primary peak section. Subsequently, a
secondary peak section occurs, and the hammer falls again to contact the cylinder, resulting
in a secondary peak. Finally, the hammerhead keeps contact with the cylinder and oscillates
up and down, and the impact force gradually decreases and enters the unloading section.

The peak impact force reflects the stiffness of the local contact area between the
hammer and the specimen. In general, the greater the stiffness of the specimen, the higher
the stress level in the contact area, increasing the peak impact force. It can be observed from
Figure 9 that under impact load, the specimens show a main wave pattern with a duration
of about 1.5 ms and a secondary wave pattern with a duration of about 2.5 ms. It should be
noted that the curve of the FACSC-3 specimen basically stops fluctuating at 3.6 ms and then
develops in a horizontal straight-line state. The rest of the specimens stopped fluctuating
in about 10 ms and descended in the form of a slow inclined straight line and dropped
to 0 scales in about 30 ms, forming an unloading section of impact force. The specimen
FACSC-3 stopped fluctuating at 3.6 ms, then decreased slowly and stabilized at a negative
value. The main reason is that after the FACSC-3 specimen is impacted twice, the mid-span
damage is serious, the contact position of the hammerhead is obviously bent, the center
area of the round hammerhead is separated from the concrete, and only the edge of the
hammer head is in contact with the length direction of the specimen, which forms a reaction
force supporting both ends of the hammerhead, resulting in a negative value, which shows
that the size and shape of the hammerhead will have an impact on the test results.

The magnitude of the primary peak and the secondary peak of the four columns and
their changing trends are presented in Figure 10, from which it can be seen that with the
increase in the axial pressure ratio, the local stiffness of the contact area gradually increases,
leading to a gradual increase in the primary peak of the impact force and showing a linear
growth trend. When the axial pressure ratio is raised from 0.1 to 0.2, the primary peak of
impact force is raised by 8.7%, and the secondary peak is raised by 3.2%; when the axial
pressure ratio is raised from 0.2 to 0.3, the primary peak of impact force is raised by about
9.8%, and the rebound occurs in the decreasing section of the primary peak, where the
impact force drops to the position of 354 kN, which is due to the large deformation of the
specimen when it is subjected to the impact load. This deformation is stored in elastic or
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plastic form as strain energy. The incomplete release of strain energy formed a rebound
force inside the specimen, leading to the specimen’s deformation and energy release again,
resulting in the curve rebound phenomenon.
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Figure 9. Impact time-course curves: (a) Impact time-course curves for all specimens; (b) localized

magnification of the impact time-course curves from 0-4 ms; (c) impact time-course curves for
specimen FACSC-1.

Comparing specimens FACSC-2 and FACSC-4, the primary peak of the specimen with
the addition of steel fibers increased by 3.2%, and the secondary peak increased by 186% at
the axial compression ratio of 0.2. From the material performance test, it can be seen that
the incorporation of steel fibers increased the static axial compressive strength of ALWC
by 14.1% and the increase in splitting tensile strength by 33.8%, which means that the low
tensile strength of concrete was significantly improved, thus enhancing the load-bearing
capacity and crack resistance of concrete under impact, reducing impact damage, and
maximizing the retention of member stiffness, prompting the increase of the primary peak
and secondary increase in the peak value.
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Figure 10. Comparison of primary and secondary peaks of ALWC columns.

3.3. Acceleration Time Course Analysis

Figure 11 shows the time-course curve of acceleration across the specimen collected by
the accelerometer. The acceleration of the specimen rises rapidly from 0 scales and reaches
its peak at 0.22 ms. After that, the specimen acceleration drops below the 0 scale and forms
a negative peak with a long duration. During the negative peak time, the acceleration
undergoes several oscillations and finally rises back toward the 0 scale.

4
FACSC-1
FACSC—2
31 FACSC-3
FACSC—4

Acceleration (10°m/s?)

Time (ms)

Figure 11. Acceleration time course curve.
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Figure 11 shows that the specimens exhibit a nonlinear change in impact toughness
at different axial pressure ratios. When the axial pressure ratio was increased from 0.1 to
0.2, the peak acceleration of the specimen decreased by 30.81%, indicating that increasing
the axial pressure ratio could effectively improve the impact toughness of the specimen.
However, when the axial pressure ratio was increased from 0.2 to 0.3, the peak acceleration
of the specimens decreased by 8.4%, which was significantly smaller, indicating that
increasing the axial pressure ratio could improve the impact toughness of the specimens
within a certain range. However, when a certain threshold was exceeded, the effect of
increasing the axial pressure ratio on the peak acceleration of the specimens became less
significant. It should be noted that this conclusion is only based on the data given, and
more experimental data are needed to more accurately assess the magnitude of the effect of
different axial pressure ratios on the impact toughness of the specimens.

The specimen FACSC-4 reinforced with steel fibers exhibited significant characteristic
differences in acceleration time response compared to FACSC-2. The peak acceleration
of the specimen was reduced by 48.74%, the time of peak acceleration was significantly
delayed, and the oscillation range of the curve was significantly reduced, indicating that
the addition of steel fibers could improve the impact resistance of the specimen and the
toughness of its internal structure.

3.4. Time History Analysis of Mid-Span Displacement

The curve of the spanwise displacement of the specimen obtained from the impact test
with time is shown in Figure 12. The curve has the characteristics of sinusoidal development,
which contains two parts: the peak displacement phase and the plastic deformation phase.
The peak displacement phase reflects the specimen’s maximum deformation amplitude
when subjected to impact loading. The plastic deformation stage reflects the process of free
vibration of the specimen after eliminating the external force relying on inertia.
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Figure 12. Mid-span displacement time course curve.

According to the information in Figures 9 and 12, the peak displacement stage can
be further divided into two stages: the elastic deformation stage and the transitional
deformation stage. The specimen shows a local response mode in the primary peak stage
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of the impact force, and the deformation response in the span is relatively small, mainly
relying on its own stiffness and inertia force to resist the impact load, which indicates that
the specimen is in the elastic deformation stage. With time, the impact load on the specimen
continuously oscillates and decays. The specimen is transformed from the local response
mode to the overall response mode, in which the deformation of the specimen is gradually
transformed from elastic deformation to plastic deformation. This process is called the
transitional deformation stage. At a moment of 5 ms, the impact force develops toward
the unloading stage, and the hammerhead and the specimen maintain contact and move
together. In contrast, the deflection deformation of the specimen reaches the maximum
and springs back toward the equilibrium state. At this stage, the displacement effect of
the impact load on the specimen has been largely eliminated, and the specimen enters the
plastic deformation stage.

The data in Figure 13 shows that when the axial pressure ratio increases from 0.1 to 0.2,
the maximum displacement in the span increases by 8.3% and the residual displacement
increases by 65.9%; when the axial pressure ratio increases from 0.2 to 0.3, the maximum
displacement in the span increases by 53.8% and the residual displacement increases by
17.8%. The results show that the maximum displacement in the span increases nonlinearly
with the increase of the axial compression ratio. From the damage morphology of the
specimens, the overall damage in the net span range of FACSC-2 is serious. In contrast, the
damage of FACSC-1 and FACSC-3 is biased toward the local damage in the span. This may
be the main reason for the large amplitude of curve oscillation of specimen FACSC-2 and
the difficulty in recovering toward the pre-deformation.

35
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Figure 13. Comparison of maximum and residual displacements in the mid-span.

More studies have shown that an appropriate axial load can improve its stiffness
and damping and effectively reduce the displacement amplitude of the specimen when
subjected to impact loading. In this test, an increase in the axial compression ratio led
to an increase in the displacement deflection of the ALWC column, which may be due
to the P- effect causing a decrease in the overall stiffness of the structure, which in turn
leads to greater deformation or instability of the structure. Therefore, when using ALWC
materials as structural materials, attention needs to be paid to the effect of axial loading on
its strength and toughness to ensure that the structure has adequate impact resistance and
stability under impact loading.
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The failure degree of the FACSC-4 specimen is relatively light. There is no large
amplitude in the plastic deformation stage of the specimen’s mid-span displacement time
history curve, and it stops oscillating at about 170 ms. This shows that FACSC-4 has
higher residual stiffness and bearing capacity after being subjected to impact load and can
eliminate inertia force caused by the inertia effect faster. Compared with FACSC-2, the
maximum displacement and residual displacement of FACSC-4 decrease by 21.5% and
27.4%, respectively, which indicates that steel fiber can significantly improve the impact
resistance of specimens and improve the brittle failure characteristics of specimens.

3.5. Dynamic Strain Time Analysis

The steel and concrete strain curves are shown in Figure 14. Positive values indicate
tension and negative values indicate compression. Because the drop hammer impact test is
a rapid loading test method, a large amount of energy will be released in a very short time,
causing a large impact load on the specimen, and the strain at the location of the strain
gauge will increase sharply, which may lead to the failure or failure of some strain gauges.

By observing Figure 14, it can be found that when subjected to impact, the stirrup bears
transverse shear stress, and the longitudinal steel bar shares the overall bending formed by
the impact load through tension and compression. The strain value of the longitudinal steel
bar is much higher than that of the stirrup. In addition, due to the greater compression and
shear stress on the concrete at the mid-span, the strain of the longitudinal reinforcement in
this area is more significant. By comparing the changes in the stirrup strain of the specimen,
it is found that with the increase of the axial compression ratio, the stress distribution of
the concrete inside the specimen will gradually shift to the mid-span position, resulting in
the strain value of the stirrup on the cross-section of the specimen gradually increasing to
the mid-span.

Observing the strains of the hoop reinforcement, it was found that due to the end
restraint of the specimens by the fixtures, the strain at the S1 position varied less over time,
and the hoop reinforcement at that location did not reach the yield strength. Under the
impact loading, the strains generated by S2, S3, and 54 quickly exceeded the material’s yield
strength over time and underwent a rapid growth process, eventually reaching a peak value.
This process can be described as the material rapidly entering the inelastic deformation
region after being externally excited, followed by continuous plastic yielding and sustained
plastic deformation until it reaches the maximum load-carrying capacity. As the impact
loading weakened or disappeared, a rapid decrease in strain occurred, referred to as the
stress-release process experienced by the reinforcement. Finally, at the end of the impact,
even in the absence of external forces, the hoop reinforcement still exhibited significant
residual strains. This phenomenon indicates that the reinforcement has transitioned to a
nonlinear stress state, where its stress behavior no longer conforms to the description of
linear elasticity theory.

Observations from Figure 14 indicate the occurrence of a significant stress surge in the
longitudinal strain gauges L1 and L2 during the initial loading phase of the experiment.
Even at the conclusion of the impact force, both L1 and L2 exhibit considerable residual
strain, signifying substantial yielding and plastic deformation in the longitudinal reinforce-
ment at these respective locations. Conversely, the residual strain in strain gauges L3 and
L4 is exceedingly small, even approaching zero.

The impact wave on the concrete induces instantaneous peak tensile and compressive
stresses and lateral expansion within an extremely short timeframe. Notably, the electrical
signals in regions C2 and C3 experience a sudden and substantial increase during the
changing process, surpassing the upper limit of the measurement device’s range. This
is attributed to the occurrence of penetrating concrete cracks from bottom to top in the
tensioned region at the mid-span. However, these penetrating cracks do not propagate to
the location of C1. Consequently, the strain measured at C1 is relatively small, indicating a
compressive state.
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Figure 14. The strain curve of steel bar and concrete: (a—c) is the dynamic strain time history
of specimen FACSC-1; (d—f) is the dynamic strain time history of specimen FACSC-2; (g-i) is
the dynamic strain time history of specimen FACSC-3; (j-1) is the dynamic strain time history
of specimen FACSC-4.
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3.6. Energy Dissipation Analysis

Figure 15 illustrates the displacement-impact force curve of the specimen under impact
load. Among them, the horizontal coordinate indicates the specimen displacement, and the
vertical coordinate indicates the impact load applied. The envelope area of the impact force-
displacement curve is the work performed by the impact load, i.e., the energy E, absorbed
by the deformation of the specimen during the whole impact process. By integrating the
displacement-impact force curve through Equation (2), the specimen’s deformation energy
dissipation characteristic curve can be obtained, referred to as the energy dissipation curve
in the following, as shown in Figure 16. Equation (2) in F (y) indicates the impact force at
displacement y, and y is the displacement of the specimen. Figure 17 shows the magnitude
of energy absorbed by the specimen.
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Figure 15. Displacement-impact force curve of ALWC columns.

Based on the energy dissipation curves shown in Figure 16, the deformation energy
dissipation curves for axial compression ratios of 0.1 and 0.2 show similar trends and
develop in a parallel fashion. Specimens FACSC-1 and FACSC-2 show a higher slope of
the energy dissipation curve at the early stage of deformation (elastic deformation stage)
when the specimen’s stiffness is higher and can consume more energy. At the deformation
of specimens FACSC-1 and FACSC-2 to 1.08 mm and 1.45 mm, respectively, the slope of the
energy dissipation curve decreased significantly due to the accumulation of damage and the
reduction of stiffness of the specimens. At this time, the deformation energy dissipation of
specimen FACSC-1 is 439 ], while that of specimen FACSC-2 is 577 J. The difference between
them is 138 J. When the specimen reaches the maximum deformation, the deformation
energy dissipation of specimens FACSC-1 and FACSC-2 are 1132 J and 1272 ], respectively,
and the difference is 140 J. Thus, it can be seen that the increase of axial compression ratio
from 0.1 to 0.2 The deformation energy of specimen FACSC-1 and FACSC-2 is 1132 J and
1272 ], respectively, with a difference of 140 J. Thus, the increase of the axial compression
ratio from 0.1 to 0.2 only significantly improves the initial deformation energy.
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Figure 17. Characteristic value of deformation energy dissipation of ALWC columns.

When the axial compression ratio is 0.3, the energy consumption curve keeps a high
slope trend in the 0-13 mm deformation range. As shown in Figure 17, the deformation
energy consumption of specimens FACSC-1, FACSC-2 and FACSC-3 is 19.66%, 22.09%
and 39.23% of the initial impact energy EO, respectively. Among them, the deformation
energy consumption of FACSC-2 was increased by 12.37% compared with FACSC-1, and
the deformation energy consumption of FACSC-3 was increased by 104.32% compared
with FACSC-2. The experimental results indicate that by increasing the axial compression
ratio, the column relies more on deformation to consume the impact energy.



Buildings 2023, 13, 2076

20 of 22

In this study, shear wave-shaped steel fibers were used as reinforcement material in
fully lightweight concrete columns with an axial compression ratio of 0.2. After analysis, it
was found that the deformation energy dissipation of specimen FACSC-4 was equivalent
to 30.16% of the initial impact energy. Compared to FACSC-2, the deformation energy
dissipation of FACSC-4 increased by 36.6%. This indicates that the steel fibers can absorb
impact energy and play a significant bridging effect during the deformation process of the
specimens, slowing down crack propagation and improving the deformation capacity and
durability of the specimens. Observation of Figure 16 reveals that within the deformation
range of 0-2.7 mm, the energy dissipation curves of specimens FACSC-2 and FACSC-4
overlap significantly, indicating that the energy dissipation capacity of the steel fibers has
not been fully utilized at this stage. However, when the specimens deformed beyond
2.7 mm, the slope of the curve for FACSC-4 increased significantly, indicating that the steel
fibers began to exert a greater influence. The bridging effect of the steel fibers was activated,
preventing crack propagation and delaying the decrease in specimen stiffness, thereby
further improving the deformation energy dissipation capacity of the specimens.

4. Conclusions

In this paper, the impact resistance of ALWC columns with axial compression ratios of
0.1, 0.2, and 0.3 was tested using a drop hammer testing machine, and the effect of shear-
wave steel fibers on the impact resistance of ALWC columns with an axial compression
ratio of 0.2 was also investigated. Impact force, acceleration, displacement, dynamic strain
time course curves and energy dissipation curves, were obtained from the tests. Through
an in-depth analysis of the test results, the following conclusions are drawn in this paper:

(1) Under the impact load, many shear and bending cracks were generated in the local
area of the span, resulting in the formation of a wedge-like local punching and
shearing zone in the span. At the axial compression ratios of 0.1, 0.2, and 0.3, the
specimens suffered bending shear damage, shear damage, and punching damage,
respectively, and their crack patterns were dominated by bending cracks, shear cracks,
and punching-type shear cracks, respectively.

(2) When the axial compression ratio was increased from 0.1 to 0.2 and 0.2 to 0.3, re-
spectively, the impact force primary peak increased by 8.7%, 9.8%, the secondary
peak increased by 3.2%, 213.3%, the acceleration peak decreased by 30.81%, 8.4%,
the maximum displacement in the span increased by 8.3%, 53.8%, and the residual
displacement in the span increased by 65.9%. The deformation energy consumption is
increased by 12.37% and 104.32%, respectively. The test results indicate that increasing
the axial compression ratio can improve the specimen’s stiffness and damping, reduce
the structure’s vibration amplitude, and make the structure have a better energy
absorption capacity for impact loads. However, the effect of increasing the axial
pressure ratio on the deformation and long-term stability of the structure needs to
be carefully evaluated. There may be critical values in the range of axial pressure
ratios increasing from 0.2 to 0.3, beyond which the impact response of the structure is
significantly enhanced.

(3) Under the impact load, the force distribution of the concrete inside the specimen
gradually shifts toward the mid-span position as the axial compression ratio increases.
This phenomenon leads to a gradual increase in the strain value of the hoop reinforce-
ment in the specimen’s cross-section toward the span, which means that the strain
will be more concentrated at the span center.

(4) The addition of shear-wave steel fibers as reinforcing material to the ALWC columns
with an axial compression ratio of 0.2 significantly improved the impact resistance
and stiffness of the columns while reducing the generation of cracks. The concrete
at the impact point did not show any stripping of aggregates. Compared with the
specimens without steel fiber addition, the damage mode of the specimens changed
from shear damage to bending damage, with a 3.2% increase in the primary peak, a
186% increase in the secondary peak, a 48.71% decrease in the maximum acceleration
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peak, 21.5% decrease in the maximum mid-span displacement, a 27.4% decrease in
the residual displacement, and a 36.6% increase in the energy dissipation capacity.
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