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ABSTRACT

There is a growing public interest in exploring materials that can enhance the sustainability and durability of
conventional steel reinforced concrete (RC) structures, such as geopolymer concrete (GPC) and steel-fibre
reinforced polymer composite bars (SFCBs). GPC is produced with industrial waste such as fly ash and slag to
replace ordinary Portland cement concrete (OPC), and SFCB is a new reinforcement bar with a layer of fibre
reinforced polymer (FRP) enclosing a steel inner core to protect it from corrosion. No studies have ever been
reported on the impact-resistant performances of GPC or fibre-reinforced GPC (FRGPC) columns reinforced with
SFCBs subjected to vehicle or ship impacts. In this study, GPC/FRGPC columns reinforced with steel-basalt FRP
composite bars (SBCBs) were prepared and tested by a pendulum impact testing system. Their impact-resistant
performances were compared. It was found that the columns experienced similar damage modes regardless of
reinforcement type and fibre content. The addition of hybrid carbon fibres (CFs) and basalt macro fibres (BMFs)
could effectively reduce cracking damage and mid height deflections of columns. As compared to steel bar re-
inforcements, SBCB reinforcements led to similar impact force and maximum mid height deflections, but could
reduce the residual mid height deflections of the columns by 7-42% under the impact velocity of 2.64-3.49 m/s,
indicating SBCBs have great potential to replace steel bars in constructing more sustainable and durable concrete

structures.

1. Introduction

Conventional steel reinforced concrete (RC) structures have the issue
of durability due to corrosion of steel reinforcements, leading to costly
maintenance and retrofitting for structures, particularly those in coastal
areas. Owing to the high corrosion resistance and tensile strength, fibre
reinforced polymer (FRP) reinforcements have been gradually being
used to replace steel reinforcements in constructions in recent decades
[1-3]. However, FRP reinforcements have inherent weaknesses such as
brittle behaviour, low modulus of elasticity, and low shear and
compressive strengths. The lower modulus of elasticity of FRP bars in-
dicates the lower stiffness of structures, leading to higher deformation of
structures under static and impact loads. Additionally, due to their low
shear strength, FRP bars in concrete structures may experience splitting
damage when subjected to high shear force during impact events, as
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reported in [4], resulting in more severe damage to concrete structures
as compared to those reinforced with steel bars. Moreover, the lower
compressive strength of FRP bars contributes to the lower capacity of
concrete structures to resist compressive loads. As a result, the use of
FRP bars as compression reinforcements is not recommended in the
standard ACI 440.1R-15 [5]. Although standard CSA S806-12 [6] allows
the use of FRP bars as longitudinal reinforcements in members subjected
to axial load, the contribution of compressive strength and stiffness of
the FRP bars should be disregarded in design. To address the afore-
mentioned issues with steel and FRP reinforcements, a novel rein-
forcement known as the steel-FRP composite bar (SFCB) has been
proposed in recent years and has received significant attention [7-9].
SFCB is composed of a steel bar as an inner core and a layer of FRP
(which can be made of Basalt, Glass, Carbon) as an outer coating, of
which the steel core offers the necessary strength and stiffness while the
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FRP coating provides the steel core with additional strength and resis-
tance to corrosion [10]. Using SFCBs benefits concrete structures from
the advantages of steel and FRP materials as compared to using either
steel or FRP bars alone, and SFCBs showed balanced mechanical prop-
erties of steel bars and FRP bars [11]. SFCBs reinforced concrete struc-
tures have two potential weak interfaces, i.e., the interface between the
steel inner core and FRP coating and the interface between SFCBs and
concrete. Previous studies [11,12] demonstrated that the ribbed surface
of steel inner core is very effective in developing interfacial bonding
strength and a good bonding could be achieved between the ribbed steel
inner core and FRP coating [12-14], although strain difference
(non-uniform strain distribution) could occur in SFCB cross-section due
to the difference in elastic modulus of steel and FRP materials [14].
Testing results [15-17] showed that the bonding strength between
SFCBs and concrete under quasi-static load could be comparable or even
higher than that between conventional steel bars and concrete, which is
affected by various factors such as surface treatment and bar diameter
[12,18]. Numerous studies have investigated the mechanical properties
of SFCB material [11,12,19] and its bond behaviour with concrete [12,
20-22]. Wu et al. [11] examined the mechanical properties of SFCBs
under uniaxial and cyclic tensile loads, proposing analytical models to
predict the stress-strain behaviour of SFCBs. Test results by Ma et al.
[20] showed that SFCBs had a 47% higher ultimate tensile strength than
steel bars and a 169% higher elastic modulus than FRP bars. Moreover,
the sand-coated surface of SFCBs exhibited higher bonding strength with
concrete and more brittle pullout failure than the spiral-wound surface.

From a structural perspective, the performances of SFCBs reinforced
concrete beams [14, 16, 17, 23-27], columns [28-32], and frames [33]
under static and seismic loads have been also investigated in recent
years. Sun et al. [23], Ge etal. [16], Yang et al. [24], and Han et al. [17]
studied the flexural performances of concrete beams reinforced with
SFCBs. The results showed that, with the same equivalent reinforcement
ratio based on the equal reinforcement stiffness (area x elastic modulus
of reinforcements), concrete beams reinforced with SFCBs had similar or
better flexural performances than those reinforced solely with either
steel or FRP bars in terms of the bending moment capacity, service-
ability, and ductility. Analytical methods were proposed for the design
analysis of SFCBs reinforced concrete beams [16,17,24]. Besides flexural
performances, seismic behaviours of concrete beams reinforced with
SFCBs were also investigated. A previous study [25] showed that con-
crete beams reinforced with SFCBs exhibited a more pronounced
pinching effect and a lower residual displacement as compared to those
reinforced with steel bars. Xiao et al. [26] conducted a series of tests on
different types of SFCBs to evaluate their seismic performances of con-
crete beams, and found that concrete beams reinforced with steel-basalt
FRP composite bars (SBCBs) had higher ultimate capacity and better
ductility than those reinforced with steel-glass FRP composite bars
(SGCBs) or steel-carbon FRP composite bars (SCCBs). In addition to
concrete beams, tests were conducted to investigate the seismic and
compressive performances of concrete columns reinforced with SFCBs.
The results showed that the columns reinforced with SFCBs had a stable
post-yield stiffness after the yielding of the inner steel core, achieved
lower residual deformation, and displayed better reparability as
compared to those reinforced with steel bars [28,32]. Furthermore, it
was found that the ultimate load-bearing capacity of SFCBs reinforced
column was greater than that reinforced with FRP bars [30]. These
studies suggest that concrete structures reinforced with SFCBs generally
exhibit superior performances to those reinforced with steel bars or FRP
bars under static or seismic loading, indicating the great potential of
SFCBs as an alternative to conventional steel bars in structures under
static or seismic loading.

On the other hand, concrete columns might be subjected to impact
loading during their service life such as vehicle or ship impacts, which
can cause severe damage and potentially catastrophic consequences. It
is, therefore, imperative to investigate the performance of concrete
columns under impact loading. Geopolymer concrete (GPC), which
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utilises industrial by-products as binder materials to replace cement and
reduce extensive carbon dioxide (CO;) emissions associated with
cement production, is gaining significant attention as a more sustainable
alternative to ordinary Portland cement concrete (OPC) [34,35]. A
recent study [36] compared the performance of GPC and OPC columns
reinforced with BFRP bars or steel bars under impact loading. The re-
sults demonstrated that GPC columns had similar or even better impact
resistance than OPC columns. Moreover, columns reinforced with BFRP
bars outperformed those with steel bars at higher impact velocities (i.e.,
3.15-4.43 m/s) due to the higher tensile strength of BFRP bars. How-
ever, BFRP bars reinforced columns showed inferior performances at
lower impact velocities (i.e., 0-2.71 m/s) due to their lower elastic
modulus as compared to steel bars. Huang et al. [37] further examined
the effectiveness of reinforcing or strengthening methods on the lateral
impact performance of BFRP bars reinforced GPC columns, and found
that increasing the longitudinal reinforcement ratio or applying external
BFRP sheet strengthening could effectively improve the performance.
Given the distinct mechanical properties of longitudinal reinforcements
and concrete matrix, GPC/FRGPC columns reinforced with SFCBs might
exhibit different impact-resistant performances as compared to the
aforementioned columns, which is worthy of studying.

This study aims to assess the effectiveness of SBCBs as an alternative
to steel bars in reinforcing GPC columns for impact loading resistance. In
this study, six columns (i.e., two GPC columns respectively reinforced
with steel bars and BFRP bars as references, one GPC column reinforced
with SBCBs, and three FRGPC columns reinforced with SBCBs) were cast
and tested by using a pendulum impact testing system. The failure
modes and impact responses (impact force and deflection) of the col-
umns were recorded and analysed. Their impact-resistant performances
were then compared. The effects of reinforcement type and the addition
of hybrid carbon fibres (CFs) and basalt macro fibres (BMFs) on the
impact-resistant performances of the GPC columns were investigated.

2. Experimental schemes
2.1. Materials

Table 1 presents the mix design of ambient-cured GPC that was used
for the columns. The binder materials comprised fly ash and slag, with
slag accounting for 30% of the total binder materials. Alkali activators
included a 12 M sodium hydroxide (NaOH) solution and D grade sodium
silicate (NaSiO3) solution, with a mass ratio of 1:2.5. Coarse aggregates
consisted of crushed stones with a maximum size of 10 mm (50%) and 7
mm (50%), while fine aggregates were natural sands with a maximum
size of 1.18 mm. Fig. 1 illustrates the longitudinal reinforcements (steel
bars, BFRP bars, and SBCBs) used in this study, all of which have a
diameter of 10 mm. The representative stress-strain curves for steel bars,
BFRP bars, and SBCBs are presented in Fig. 2, which are provided by the
supplier [38]. The yield strength and elastic modulus of steel bars are
around 500 MPa and 210 GPa, respectively. The tensile strength, elastic
modulus, and elongation of BFRP bars are about 1200 MPa, 50 GPa, and
2.4%, respectively. SBCBs show a bi-linear stress-strain behaviour until
ultimate strength. The initial elastic modulus and post-yielding modulus
of SBCB are about 100 GPa and 30 GPa, respectively. Its inner steel core
yields at around 250 MPa until reaching the ultimate tensile strength of
900 MPa. In general, the tensile strength and elastic modulus of SBCBs
are in between those of steel bars and BFRP bars. Once the outer BFRP
layer ruptures, the axial force is sustained by the yielded steel core until

Table 1
Mix proportion of ambient-cured GPC (kg/ms) [39].

Coarse Sand  Binder Solution Alkaline solution/
aggregates Fly Slag  NaySiO; NaOH  binder ratio
ash
1220 650 280 120 129 51 0.45
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Fig. 1. Longitudinal reinforcements of the columns.

2000 — SBCB
— — Steel
1500 |- Yielding of steel core - — BFRP
< i
& 4+ _.»Rupture of BFRP
s S
@ 1000 - i ,7 1~ Rupture of outer
2 | L BFRP layer
»n
500Fi-o~A--=-~|-------
1 - Rupture gf steel core
/7~ Slope=100 GPa! .
0.000 0.015 0.030 0.045 0.060

Strain (€)

Fig. 2. Stress-strain curves of longitudinal reinforcements.

it also ruptures.

As mentioned in reference [40], micro fibres can bridge microcracks
and improve the first cracking strength, while macro fibres can arrest the
propagation of macro cracks and enhance the post-cracking perfor-
mance of concrete. The combination of micro and macro fibres benefits
concrete strength by influencing crack growth at different stages [41].
Therefore, CFs (carbon fibres) were chosen as micro fibres and BMFs
(basalt macro fibres) were selected as macro fibres for reinforcing geo-
polymer concrete due to their sound corrosion resistance and tensile
strength. Fig. 3 shows the fibres used in this study. BMFs have a density
of 2000 kg/m®, a length of 50 mm, and a diameter of 0.65 mm, with an
aspect ratio (length to diameter) of 77. Their tensile strength and
modulus of elasticity are about 1200 MPa and 50 GPa, respectively, as
provided by the supplier [38]. According to reference [42], using BMF
content exceeding 40 kg/m® (about 2% by volume fraction) can lead to
the difficulty of concrete compaction. Hence, a volume fraction of
0 (column C3, as listed in Tables 2), 1% (column C4), and 2% (maximum
fibre content, column C5) for BMFs was adopted in this study. The CFs
used in this study have a length of 6 mm and a diameter of 7 um. The
density, tensile strength, tensile modulus of elasticity, and elongation of
CFs are approximately 1800 kg/m>, 3500 MPa, 230 GPa, and 1.5%,
respectively, as provided by supplier [38]. A previous study [43]
demonstrated that a volume fraction of 0.25% of CFs yielded good
performance for concrete. Therefore, a CF content of 0.25% (columns C4

\\\\\\\\\\\\\Y\\\\\\\Q\\\\‘\n\\;vm‘\ T i
21 28 29 31 32 41 42 43 44 4‘\5 46
e

Fig. 3. Basalt macro fibres (left) and carbon fibres (right).
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and C5) was used in this study. Besides the benchmark of hybrid 0.25%
CF and 2% BMF (column C5), the combination of 0.31% CF and 1.5%
BMF (column C6), with 25% increment of CF and 25% decrement of
BMF content, was also considered, as listed in Table 2.

2.2. Specimens

In this study, a total of six columns were cast and tested by using a
pendulum impact testing system. Table 2 gives the details of the col-
umns. Columns C1 and C2 were longitudinally reinforced with steel and
BFRP bars, respectively, as references to column C3 that was longitu-
dinally reinforced with SFBCs without the addition of fibres. Columns
C4-C6 were made of FRGPC with different fibre contents as described
above. It should be noted that the slight difference in the compressive
strengths of the GPC of the columns was due to the different batches of
GPC casting. Fig. 4 shows the design of the columns. The column had a
square cross-sectional dimension of 120 mm x 120 mm and a height of
800 mm. A footing and a top slab were connected to the column. Four
10 mm-diameter steel bars/BFRP bars/SBCBs were used as longitudinal
reinforcements and sixteen 10 mm-diameter BFRP stirrups were used as
transverse reinforcements at a space of 50 mm. The longitudinal rein-
forcement ratio of the columns was 2.2% and the stirrup ratio was 2.6%.
C3 had an estimated axial load-carrying capacity of 710 kN (without
considering the contribution of BFRP layer of SBCBs) according to ACI
318-14 [44]. Since no analysis and design standard is available for
concrete structures reinforced with SBCBs, the flexural and shear ca-
pacities of C3 were estimated as per ACI 440.1R-15 (the design guide for
FRP reinforced concrete structures) [5]. Its flexural capacity at column
base section (critical section) was estimated as 7 kNm (corresponding to
an equivalent static force of 17.5 kN acting at the mid height) and its
shear capacity was estimated as 66 kN. It should be noted that bend
SBCBs are unavailable due to the limitation of current manufacturing
techniques. Therefore, additional four BFRP dowels with a 90-degree
round angle were used to reinforce the connections between the col-
umn and footing/top slab for the adequate anchorage of the longitudinal
reinforcements inside concrete.

2.3. Test setup

Fig. 5 shows the pendulum impact testing system. The whole column
was secured to a concrete base that was firmly anchored to the ground.
An added weight, composed of two concrete blocks weighing 720 kg,
was bolted onto the top slab, which is mainly for the consideration of the
inertial effect of superstructures of columns. To ensure no slip or sliding
between the added weight and top slab, four thru-holes were prepared
for the top slab to anchor the additional weight using bolts as shown in
Fig. 5. The axial load applied to the column by the gravity of the added
weight was approximately 1% of the axial load-bearing capacity, which
was relatively low due to the limitations imposed by the laboratory
conditions. During the tests, a 373 kg impactor was lifted and released,
striking the columns at the mid height location. The pendulum arm had
a length of 2.7 m. The columns were subjected to four repetitive impacts
with increasing impact velocities. Different impact angles of 5°, 15°, 30°,
and 40° with the corresponding impact velocities of 0.45 m/s, 1.33 m/s,
2.64 m/s, and 3.49 m/s (listed in Table 2) were selected to yield varying
levels of damage to the columns. A load cell was incorporated in the
front of the impactor to measure the impact force, and linear variable
differential transformers (LVDTs) were used to record the displacements
and free vibration period of the columns. Additionally, a high-speed
camera was used to capture the failure progress of the columns.

3. Test results and analysis
3.1. Crack patterns of the columns

Fig. 6 depicts the damage modes and crack patterns of the columns
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Table 2
Specimens and testing schemes of the columns.
Column Compressive strength f;' Longitudinal reinforcement Fibre content by volume fraction Number of Designed four impact velocities (m/
No. (MPa) type (%) impacts s)
C1 63 Steel 0 4 0.45 (5°),
Cc2 57 BFRP 0 1.33 (15°),
Cc3 54 SBCB 0 2.64 (30°),
C4 50 SBCB CF: 0.25 + BMF: 1.0 3.49 (40°)
C5 54 SBCB CF: 0.25 + BMF: 2.0
(€9 52 SBCB CF: 0.31 + BMF: 1.5
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Fig. 4. Column design diagram.

Fig. 5. Photograph of the pendulum impact testing system.

after each impact. It should be noted that there were pre-existing hair-
line cracks on the columns, which are often difficult to be avoided
during the processes of formwork demoulding and specimen relocation.
After the impact of velocity 0.45 m/s, no visible crack was observed on
all the tested columns. After the impact of velocity 1.33 m/s, only
hairline flexural cracks appeared near the mid height areas of the col-
umns due to local bending. The damage to the columns was negligible,
and the cracking patterns of the columns were flexure dominant. After
the impact of velocity 2.64 m/s, the existing flexural cracks became
wider and longer, and additional flexure-shear cracks or shear cracks
appeared in the mid height areas due to the rising impact velocity.
Meanwhile, a few flexural cracks or flexure-shear cracks were also
observed at the bottom of the columns due to global bending. It should
be noted that some flexure and shear cracks were also observed at the
top of columns as shown in Fig. 7 (captured by the high-speed camera
during crack opening stage), due to the high bending moment and shear
force at the top of columns as reported in [37]. Most of these cracks are
not visible in Fig. 6 because they closed after impacts. After the 4th
impact (3.49 m/s), the crack patterns at the mid height of columns had
no significant change except that a few secondary cracks occurred, and
the existing cracks grew wider. All the columns experienced varying
degrees of concrete crushing and spalling damage at the impact location



Z. Huang et al.

Construction and Building Materials 411 (2024) 134411

- ..
I Concretew
crushing

"
]Pl e-existin

"
Concrete

Concrete

ey : Flexuresshear
Shear cracks cracks ShealE T e crushing i - cmslnno
[ " , f] ] - on -
Impact
i directio i > >
3 4—%—- 3 - 1 L " i / - -'.
i - Flexur % exulal _ Flextﬂ!al‘/ S
e cracks l
" LN " LS Shefls
y Flexural cracks Shear
i 1 c1acks l cracks‘
E & ! o
| = " Flefiral i’ ;T N
crfgks '\ i
= - Sl o g . . h . e { —f h \‘R:
045m/s  133ms  264ms 349 m/s 045m/s  133m/s  2.64m/s 3.49m/s 045 m/s 133 m/s  2.64 m/s 3.49 m/s
C1 (Steel) C2 (BFRP) C3 (SBCB)
"""""""" ) B S e\ e i Y N iayae RE
’ £ e ) -~ < R
Sheat!cracks «—zg : ;
Pre-exisfing ' isting c
LR - - -~ cks = - -~ .
‘[ ; A | -
" | 1 " .t = O om
oncrete ! = Concrete
inlshgmh - -~ - crushing bt
W o
" ')‘ o e R - Vit
S o .Flegural £ &
cracks
i Shear Sﬁea1
< - " - crigks ks
I Fle\um a }texur;«ﬂ “
racks fracks 3

e
1.33m/s 2.64 m/s 3.49 m/s
C4 (SBCB, CF0.25+BMF1)

0.45 m/s O 45 m/s

1.33 m/s
C5 (SBCB, CF0.25+BMF2)

!

1.33 m/s 2.64 m/s
C6 (SBCB, CF0.31+BMF1.5)

g

o m—y

3.49 m/s

045m/s

264 m/s 3 49 m/s

Fig. 6. Damage modes of the columns.

as shown in Fig. 8. The addition of fibres effectively reduced the
crushing and spalling damage of the columns at impact location. At the
column bottom, several shear cracks were observed on columns C1-C3
due to the increased shear force, and minor concrete crushing damage
was also observed on the compressive side of column C2 at the bottom.
In contrast, only some new flexural cracks were developed at the bottom
of columns C4-C6. Overall, all the columns experienced similar cracking
damage, i.e., flexure-dominant cracking damage at relatively low impact
velocities (0.45-1.33 m/s) and flexure-shear combined cracking dam-
age at relatively high impact velocities (2.64-3.49 m/s) regardless of

reinforcement type. As compared to the GPC column without fibres
(C1-C3), FRGPC columns C4-C6 exhibited less cracking and concrete
crushing and spalling damage.

3.2. Damage progression

Fig. 9 describes the damage progression of the columns captured by
the high-speed camera. Due to the negligible damage of the column at
0.45 m/s and 1.33 m/s, the damage progression of the columns under
these two impacts is not shown herein. Under the 3rd impact (2.64 m/s),
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Fig. 7. Cracks at the top of columns during impact.
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Fig. 8. Damage at impact location.

some new flexural cracks initiated at 1 ms (millisecond) on all the col-
umns. These cracks then became more visible over time. The main crack
patterns were formed at 4 ms and no significant changes were observed
at 10 ms and 70 ms except the extension of the cracks. Under the 4th
impact (3.49 m/s), all the columns experienced minor concrete crushing
damage at the impact location at 4 ms and concrete debris spalled from
the columns without fibres. In the mid height areas, the existing cracks
of columns opened wider, while the critical crack patterns almost
remained the same. In the bottom areas, more shear cracks were
observed on columns C1-C3 during 4-10 ms, leading to the flexure-shear
combined cracking damage modes at the bottom of the columns. In
contrast, a flexural crack appeared at the bottom of columns C4 and C6,
and the existing flexural cracks near the bottom of column C5 further
opened and extended, resulting in flexural cracking damage modes at
the bottom of these three columns. Generally, the reinforcement type
showed an insignificant effect on the damage progression of columns.
The addition of fibres led to more evident cracking damage (crack
opening) at the bottom of columns due to global bending as compared to
those without fibres.

3.3. Impact force

The impact forces and responses of the columns are summarized in
Table 3 and the time histories of impact forces are shown in Fig. 10(a)-
(d). All the columns experienced very similar profiles of impact force
regardless of reinforcement type and fibre content. The impact forces
show two main peaks, which could also be found in the references [45,
46]. The impact force increases to the first main peak, followed by a
decrease and then an increase to the second main peak. The first main
peak drops to a low level at the specific time instant of 1.1-1.2 ms. This
phenomenon can be attributed to the asynchronous acceleration and
deceleration processes of the column and impactor, which can be
explained as follows. When the displacement (d;) of impactor exceeds
that of the column (d,), resulting in an indentation on the column surface
as shown in Fig. 11, an impact force is generated. If the velocity (v;) of
the impactor is higher than that of the column (v.), the impact force
increases, and vice versa.

Due to the complexity of interaction between the impactor and

column, numerical simulation was employed to assist in revealing these
processes. A numerical model of a GPC column reinforced with BFRP
bars, subjected to impact loading as shown in Fig. 12(a), was generated
in LS-DYNA for this purpose. This numerical model, whose accuracy has
been validated against testing results, was adopted from the previous
studies [36,37]. Detailed information about the numerical model can be
found in the references [36,37] and is not reiterated herein for brevity.
As shown in Fig. 12(b), the impact force from numerical simulation also
shows two main peaks, with the first pulse lasting for 1.1 ms, which is
consistent with the testing results of this study. Specifically, the impact
force increases during 0-0.53 ms when v; - v, > 0, and decreases during
0.53-1.1 ms when v; - v, < 0, further confirming the asynchronous ac-
celeration and deceleration processes between the column and
impactor, as mentioned earlier. It is worth noting that the double-peak
phenomenon of impact force is influenced by the factors such as the
shape of the impact surface, contact stiffness, and the stiffness of objects
subjected to impact loading [47]. For instance, the flatter the contact
surface, the more evident the double-peak phenomenon [47].

At relatively low impact velocities (e.g., 0.45-1.33 m/s), the first
main peak was much lower than the second main peak, which might be
due to the low inertial force associated with the low impact velocity. At
relatively high impact velocities (e.g., 2.64-3.49 m/s), the first main
peak increased to a similar magnitude to the second main peak, which
could be due to the increased inertial force. In addition, the duration of
impact force of column C1 was slightly shorter than those of other col-
umns due to the higher stiffness of steel reinforcements. Fig. 10(f) gives
the peak impact forces of the columns for each impact. The peak impact
forces of column C1 were the highest, followed by column C2 and other
columns due to the higher compressive strength of concrete as tabulated
in Table 2. Columns C3-C6 experienced very similar peak impact forces
under all impacts due to the similar compressive strengths of concrete
(50-54 MPa). Overall, the impact forces of the columns exhibited a
similar trend and their peak values fell within a consistent range, with a
relative difference of less than 24% observed across all reinforcement
types. The addition of hybrid CFs up to 0.31% and BMFs up to 2% by
volume fraction has a negligible effect on the impact forces. This
observation is understandable since the addition of these fibres had
negligible influence on the compressive strength of concrete and thus
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Table 3
Impact test results of the columns.
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Specimen  Impact Designed impact Peak impact force Maximum mid height deflection Residual mid height deflection Free vibration period
No. velocity (kN) (mm) (mm) (s)
(m/s)
Cl 1(5°) 0.45 28.1 0.9 0.0 0.33
2 (15°) 1.33 72.3 4.9 0.2 0.37
3 (30°) 2.64 113.6 15.8 5.3 0.40
4 (40°) 3.49 124.6 31.2 19.6 0.45
Cc2 1(5°) 0.45 25.3 1.2 0.2 0.40
2 (15°) 1.33 61.8 7.6 1.1 0.46
3(30%) 2.64 100.2 16.9 3.0 0.54
4 (40°) 3.49 113.8 29.9 13.1 0.64
C3 1(5°) 0.45 21.3 1.0 0.1 0.39
2 (15°) 1.33 59.1 5.0 1.0 0.46
3(30%) 2.64 100.1 16.1 3.1 0.53
4 (40°) 3.49 111.8 30.8 18.2 0.55
Cc4 1(5°) 0.45 24.4 1.5 0.0 0.40
2 (15°) 1.33 57.5 6.7 0.1 0.47
3(30%) 2.64 90.7 17.4 3.2 0.60
4 (40°) 3.49 109.5 30.5 15.1 0.62
C5 1(5°) 0.45 24.3 1.0 0.0 0.35
2 (15°) 1.33 56.7 4.8 0.6 0.44
3(30°) 2.64 93.9 13.0 3.5 0.53
4 (40°) 3.49 111.1 28.3 17.3
C6 1(5°) 0.45 23.0 1.0 0.0 0.37
2 (15°) 1.33 58.4 4.8 0.1 0.46
3 (30°) 2.64 98.5 14.0 2.8 0.53
4 (40°) 3.49 113.9 28.7 20.5 0.58

Note: “* ” no recorded data.

the contact stiffness of these columns.

3.4. Mid height deflection

Fig. 13 shows the time histories of the lateral deflection at mid height
of the columns. All columns experienced three stages during the whole
impact process as indicated in Fig. 13(a) (stages A, B, and C). During
stage A, the columns accelerated by an external force (impact force) and
the mid height deflection of the columns increased. After the impact
force decreased to zero (separation between columns and impactor,
before 40 ms according to Fig. 10), the mid height deflection of columns
still increased due to the inertial effect until the velocity decreased to
zero and the deflection reached peak value. After that, the mid height
deflection of columns decreased until about 60 ms for the case with
impact velocity 0.45 m/s (Fig. 13(b)), 80 ms for the case with impact
velocity 1.33 m/s (Fig. 13(c)), 100 ms for the case of 2.64 m/s impact
(Fig. 13(d)), and 120 ms for the case of 3.49 m/s impact (Fig. 13(f)), and
it then increased again (during stage B) due to the inertial force of added
weight. Finally, the columns entered into the free vibration stage (stage
C) after about 380-600 ms. All the columns exhibited similar deflection
trend with slightly different free vibration frequencies.

The maximum and residual mid height deflections of the columns are
summarized in Fig. 14. Among columns C1-C3, C1 exhibited the lowest
maximum mid height deflections for the cases with impact velocity
0.45-2.64 m/s due to the higher flexural stiffness of the column asso-
ciated with the elastic modulus of the reinforcements, followed by col-
umns C3 and C2. Similarly, C1 experienced the lowest residual mid
height deflections when the impact velocities were 0.45-1.33 m/s as
shown in Fig. 14(b), followed by C3 and C2. This finding is in agreement
with the conclusions in reference [36]. With higher impact velocity,
column C2 experienced the lowest maximum mid height deflection
(29.9 mm) for the case with impact velocity 3.49 m/s as BFRP bars still
remained in elastic, followed by column C3 (30.8 mm) and column C1
(31.2 mm) due to the yielding of steel bars. Owing to the same reason,
C2 experienced the lowest residual mid height deflections when the
impact velocities were 2.64-3.49 m/s as shown in Fig. 14(b). For the
columns without fibre reinforcement, using SBCBs could achieve very
similar maximum mid height deflections of the columns when impacted

at velocities of 0.45-3.49 m/s and the residual mid height deflections of
the columns were 7-42% smaller for the cases with impact velocities
2.64-3.49 m/s, as compared to steel bars.

Among columns C3-C6, column C5 generally experienced the lowest
mid height deflection due to the bridging effect of hybrid fibres, fol-
lowed by C6, C4, and C3. However, column C4 had slightly higher
maximum mid height deflections than column C3 for the cases with
impact velocities 0.45-2.64 m/s, which might be due to the lower
stiffness of column C4 resulting from the more severe pre-existing cracks
(see Fig. 6) induced in the processes of formwork demoulding and
specimen relocation as mentioned above. Generally, FRGPC columns
(C4-C6) yielded lower residual mid height deflections than the column
without fibres (C3) except C4 and C5 in the case with impact velocity
2.64 m/s and C6 with impact velocity 3.49 m/s, which might be due to
the resistance of fibres at cracks preventing the closure of cracks as re-
ported in reference [37]. By comparing the testing results of C5 and C6,
it can be found that increasing the volume fraction of CFs while
decreasing the volume fraction of BMFs generally led to slightly higher
maximum and residual mid height deflections, which demonstrates that
BMFs are more effective in arresting crack opening than CFs. To
conclude, with the addition of BMFs up to 2% by volume fraction, the
maximum and residual mid height deflections of the columns could be
reduced by up to 19% and 90% when impacted with velocities of
0.45-3.49 m/s, respectively.

Fig. 15 shows the free vibration period of the columns, which is
illustrated in Fig. 13(a). It should be noted that the free vibration period
of column C5 at 3.49 m/s was not captured due to the malfunction of
LVDT, and thus is not presented herein. The free vibration period is
primarily dependent on the residual stiffness of the columns. The shorter
free vibration period implies the higher residual stiffness of the columns.
The residual stiffness of the columns is contributed by concrete and
reinforcements together. As seen, the free vibration periods of the col-
umns increase with the number of impacts, which is due to the cumu-
lated damage of the column after every impact, leading to the decrease
of stiffness of the columns. As expected, column C1 had the shortest free
vibration periods due to the highest stiffness of the longitudinal re-
inforcements, followed by columns C3 and C2 among these three col-
umns. Among columns C3, C5 and C6, column C5 generally showed the
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Fig. 10. Impact force time histories from experimental testing.

shortest free vibration period, followed by C6 and C3 except C6 under
the 4th impact (3.49 m/s). It can be concluded that the addition of
hybrid CFs and BMFs could enhance the stiffness of columns, which
further led to lower maximum mid height deflections of columns as
shown in Fig. 14(a). Column C4 exhibited slightly longer free vibration
periods than columns C3, C5 and C6 due to the lower stiffness caused by
pre-existing cracks as mentioned above. The trend of free vibration

periods in Fig. 15 is consistent with that of maximum mid height de-
flections in Fig. 14(a), which confirms the accuracy of the results.

4. Conclusion

In this study, six columns (i.e., two GPC columns respectively rein-
forced with steel bars or BFRP bars as references, one GPC column
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Fig. 11. Illustration of generation of impact force (subscript ‘i’ represents
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reinforced with SBCBs, and three FRGPC columns reinforced with
SBCBs) were prepared and tested by using a pendulum impact testing
system. Their impact-resistant performances were examined in terms of
damage patterns, failure progression, impact forces, mid height de-
flections, and free vibration period. The effects of longitudinal rein-
forcement type and hybrid fibre content on the impact-resistant
performances of the columns were also studied. Based on the testing
results, the following conclusions are drawn.

1. The use of different longitudinal reinforcement types and fibre
contents in GPC columns did not affect the interaction of column
with the impactor, and as a result, the impact forces experienced by
the column and the column damage modes, i.e., flexure-dominant
cracking damage at relatively low impact velocities (0.45-1.33 m/
s) and flexure-shear combined cracking damage at relatively high
impact velocities (2.64-3.49 m/s) for all the columns were similar.

2. Reinforcing columns with SBCBs resulted in very similar maximum
mid height deflections of columns as those reinforced with conven-
tional steel bars when the columns were impacted with velocities of

Construction and Building Materials 411 (2024) 134411

0.45-3.49 m/s, but smaller residual mid height deflections of col-
umns when impacted at velocities of 2.64-3.49 m/s; the reduction in
the residual deflection was in the range of 7-42%.

3. The use of CFs and BMFs in reinforcing GPC reduced the cracking
damage of columns and increased the stiffness of columns, which led
to a more evident global bending damage at the bottom of columns,
and therefore should be carefully considered when designing FRGPC
columns that are subjected to impact loading.

4. BMFs were more effective in arresting crack openings than CFs. With
the addition of BMFs up to 2% by volume fraction, the maximum and
residual mid height deflections of columns were up to 19% and 90%
smaller than the columns without fibre reinforcement when
impacted with velocities of 0.45-3.49 m/s, respectively.

5. Overall, the columns reinforced with SBCBs showed similar cracking
damages and comparable structural responses or even lower residual
mid height deflections than those reinforced with steel bars. There-
fore, SBCBs and GPC are promising alternatives to steel bars and
OPC, respectively, for more durable concrete structures for impact
loading resistance.

In this study, the scaled-down columns were tested to investigate the
effect of reinforcement type and fibre content on the impact responses of
the columns, which is the main objective of this study. With the nu-
merical model calibrated against the testing results in the present study,
large-scale column/pier numerical models could be built and their
performance under various loading conditions could be investigated.
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