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Abstract: To achieve net zero emissions and enhance the durability of structures, adopting green
geopolymer concrete (GPC) and non-corrodible basalt fibre-reinforced polymer (BFRP) bars in construction
is a promising solution. Nonetheless, no research efforts have been made to investigate the performances
of precast/prefabricated segmental concrete beams (PSCBs) constructed with GPC and BFRP bars under
impact loading. This study experimentally investigates the impact responses of PSCBs cast with GPC and
ordinary Portland cement concrete (OPC) to evaluate the performances of the GPC structure with respect
to the OPC counterpart. The effects of impact locations (at joints versus mid-segment) on the response of
PSCBs are also investigated. The test results showed that the GPC beams had a similar impact
performance compared to the OPC counterparts. Excessive joint opening resulted in concrete spalling at
the joints and failure of the PSCBs. The joint opening caused stress concentration and longitudinal cracks
at the shear key. No sign of damage was observed in the BFRP bars after the impact test. Therefore, GPC
and BFRP bars can be used to build durable and sustainable segmental beams against impact loading.
PSCBs also exhibited excellent energy absorption capability owing to the opening and sliding of the joints,
especially when the impact loads were directly applied to the joints. Consequently, the impact-induced
damage to the PSCB was less severe when the joint was impacted than when the mid-segment was
impacted. However, directly impacting the joint produced a higher deflection of the beam than impacting the
middle of the segment.
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1. Introduction

Precast segmental beams (PSCBs), as well as columns (PSCCs), have currently drawn great attention
since these types of structures possess many merits such as low impacts to environments owing to fast
construction speed, reduced construction costs, and improved construction quality [1-3]. The design and
construction of precast segmental structures are presented in existing standards and guidelines [4, 5].
Nevertheless, the contemporary knowledge of the behaviour of PSCBs is limited primarily to the static
aspects. There is a lack of understanding of the performance of PSCBs under impact loading since there is
very limited research about this in the open literature. This situation warrants research studies to unveil the
impact response of PSCBs.

One of the effective approaches to reduce carbon emissions in the construction sector is to use low-carbon
geopolymer concrete (GPC) as an alternative to ordinary Portland cement concrete (OPC) [6, 7], which can
lead to an 80-90% reduction of the carbon footprint [8]. GPC is produced by the geopolymerization reaction
between alumino-silicate materials and alkaline activating solutions [9, 10]. Waste materials such as ground
granulated blast furnace slag (GGBFS) and fly ash (FA) can be adopted as the alumino-silicates, which is
environmentally beneficial. Additionally, GPC has good bonding with steel reinforcing bars and good
resistance to acid and fire and can be cast in ambient conditions with practical strength [11-13]. In the
meantime, corrosion problems due to steel bars induce cracks and decrease the integrity, stiffness, loading
resistance and lifetime of steel-reinforced concrete structural members [14, 15]. The use of non-corrodible
fibre-reinforced polymer (FRP) materials such as basalt FRP (BFRP) bars as an alternative to steel bars
can address this problem. It is noteworthy that BFRP bars have good mechanical characteristics and are
more cost-effective relative to their performance and more eco-friendly than glass, carbon and aramid FRP
[16, 17]. Structures made of GPC and FRP rebars can, thus, be considered sustainable and durable, and
are more and more implemented [6, 18, 19]. Nonetheless, the impact performance of FRP-reinforced GPC
segmental beams is still unknown.

This experimental investigation aims to unveil the behaviour of BFRP-reinforced precast segmental beams
made of GPC/OPC. The experimental program included three PSCBs prestressed with unbonded tendons.
The main goals are to investigate the performance of the GPC beams in comparison with the OPC
counterparts and the effect of impact locations on the response of PSCBs.



2. Test program
2.1 Specimen and material

Three PSCBs including one OPC beam with three segments (Beam O_3) and two GPC beams with three
and four segments (Beams G_3 and G_4), whose dimensions and details are shown in Figure 1. The
mixture of OPC and GPC is presented in Table 1. Low-calcium fly ash (FA) and ground granulated blast
furnace slag (GGBFS) with the chemical constitutions mentioned in [7] were adopted to make GPC. A blend
of 12M sodium hydroxide (NaOH) and D-grade sodium silicate (Na,SiO3) was the alkaline activating solution
for the GPC. The uniaxial compressive and splitting strengths of the concrete were determined as per AS
1012.8.1:2014 [20] and AS 1012.9:2014 [21], i.e., 53 MPa and 5.5 MPa for the GPC and 44 MPa and 4.8
for the OPC, respectively.

Table 1. Concrete mix design.

Compositions GPC OPC Unit
Silica sand 610 876 kg/m3
Coarse aggregate 1,100 863 kg/m3
Ground granulated blast furnace slag (GGBFS) 60 - kg/m3
Fly ash (FA) 340 - kg/m3
Na,SiO; solution 172 - kg/m3
NaOH solution (12M) 69 - kg/m3
NaOH/Na,SiO; 25 -
Alkaline activator/binder ratio 0.6 -
Cement - 408 kg/m3
Water - 204 I/m3
Superplasticizer - 2 kg/m3
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Figure 1. Details of the test beam (dimensions in mm).

The beam specimen has a ratio of span-to-depth (L/d}) of 10, enabling the bending behaviour to be dominant
[22]. All the beams were reinforced with BFRP bars whose Young’s modulus, tensile strength and rupture
strain were respectively 55 GPa, 1,200 MPa and 2.1%, which were provided by the manufacturer [23].
Unbonded steel tendons were used as the prestressing reinforcement, which was low-relaxation seven-wire
steel strands according to ASTM A416/A416M-18 [24] with Young’s modulus and the tensile and nominal
yield strength of 196 GPa, 1,860 MPa and 1,674 MPa, respectively. It is noted that since there is no
compatibility of strain between unbonded tendons and concrete, the analysis of structures with unbonded
tendons is more challenging as compared to structures with bonded tendons [25-27]. The static shear



capacity of the beam specimen was designed to be significantly greater than its bending capacity, and the
joints were also designed to prevent possible shear failure. ACI 318-19 [28], ACI 440.1R-15 [29] and
AASHTO [4] were adopted for the design. The specimens were cast using the match-casting technique,
whereby the alternate segments were cast first and then acted as a mould for the remaining segments.
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Figure 2. Set-up of the experiment.

2.2 Test set-up

The pendulum impact test was adopted for the experiment as shown in Figure 2. The specimen was hit
three times with increasing impact velocities at its midspan by an impactor weighing 560 kg. These impact
velocities were generated by releasing the impactor at different angles, i.e., 5°, 20° and 40°. The actual
impact velocity and the specimen displacement were traced by using the image processing technique from
high-speed videos. The specimen rested for about 5 minutes after each impact. The specimen was
positioned vertically on a rigid steel frame with a simply supported condition. The support system included
steel plates, rollers, restraint plates and bolts (see Figure 2), which allow free rotation while preventing the
horizontal translational movement of the specimen at the supports. After being secured to the loading frame,
the specimen was post-tensioned by using the prestressing equipment shown in Figure 2. The force in the
tendons was monitored using a load cell and is tabulated in Table 2. An interlayer, i.e., rubber pad with
60+5 IRHD Duro hardness, was placed on the specimen to create a soft contact impact condition. The test
data were acquired automatically by an acquisition system at 10,000 Hz.



3. Experimental results

This study only reports the results of the impacts with the release angles of 20° and 40°, corresponding to
the average recorded impact velocities V; = 1.52 m/s and 3.13 m/s, respectively. The results from the impact
with a release angle of 5° (V; = 0.4 m/s) were omitted due to no visible cracks or damage. Table 2
summarises the test results.

Table 2. Experimental results.

Release Beam V; P;, P; ty Rnm Om o, Fpi Fom
Angle m/s kN kN ms kN mm mm kN kN
0_3 1.63 63 45 51 25 10 0.4 58 83

20° G_3 1.46 42 43 51 24 9 0.2 59 79

A G4 147 45 89 55 22 11 __ 05 _ __ 58 _ __ 8 _

0.3 3.13 91 63 74 57 43 -5.0 56 137

40° G_3 3.13 103 58 76 53 45 -0.3 55 140

G 4 3.13 81 73 70 60 48 -0.4 55 140

Note: V; is the recorded impact velocity; P;1 and P;, are respectively the first impact load peak and the peak at the
maximum displacement (see Figures 6 and 7); {; is the duration of impact load; R, is the maximum reaction force; 6,
and o, are the beam maximum and residual displacements, respectively; and F,; and F, , are respectively the initial
and maximum prestressing forces.

3.1 Crack patterns

Figure 3 presents the damage pattern of the tested beams under the 20° impact (V; = 1.52 m/s). The first
crack in the 3-segmented OPC beam (Beam O_3) occurred at the beam midspan due to high bending
moments caused by the impact load [7]. The impact load also opened the joints, causing the top shear keys
of adjacent segments to press against one another, which led to stress concentration and longitudinal cracks
emerging from the corners of the top shear keys as shown in Figure 3a. For the 3-segmented GPC beam
(Beam G_3), its crack pattern was similar but there was no transverse crack at the beam midspan (see
Figure 3b). This could be attributed to the higher impact energy applied to Beam O_3 as demonstrated via
the higher impact velocity (Table 2), and the higher concrete strength of Beam O_3 as compared to Beam
G_3. Regarding the 4-segmented beam where the impact load was applied at the joint, the impact load
caused the joint to open immediately, resulting in stress concentration at the top shear key’s corner and the
longitudinal cracks (see Figure 3c). The joints and transverse cracks in the tested beams closed when the
beams rebounded owing to the prestressing effect. There was no damage to the BFRP bars and
prestressing tendons under the 20° impact (V; = 1.52 m/s).
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Figure 3. Crack pattern under 20° impact (V; = 1.52 m/s).

The damage pattern of all the PSCBs under the 40° impact (V; = 3.13 m/s) is presented chronologically in
Figure 4. Because of greater impact energy, the impact-induced damage to the beams under this impact
was more severe as compared to the prior 20° impact test (V; = 1.52 m/s). Firstly, the 40° impact load
widened the existing cracks induced by the 20° impact load and caused the joints to reopen. As the joints
opened, more cracks appeared from the top shear key as shown in Figures 4b, f and j. Eventually, the
beam’s failure happened due to the spallation of the concrete cover at the joint (see Figures 4c, g and k).
The BFRP bars were, however, not damaged after the 40° impact (V; = 3.13 m/s). The steel tendons were



not damaged either as evidenced by the maximum tendon force during the impact tabulated in Table 2
smaller than the nominal yield force of the tendon of 166 kN.
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Figure 4. Crack pattern of the beams under 40° impact (V; = 3.13 m/s).

In general, the damage pattern of the GPC and OPC beams (Beams G_3 and O_3) was comparable, i.e.,
the failure of both these two segmental beams was caused by excessive joint opening, which led to spalling
of concrete at the joint. Meanwhile, the damage level of the 4-segmented beam (Beam G_4) was less severe
than the 3-segmented counterpart (Beam G_3). This result indicates that impacting the middle of the
segment produced more damage than impacting the joints. Segmental beams can absorb the impact energy
through the relative movement between the neighbouring segments, i.e., the opening and slipping of the
joints [2, 7]. Impacting at joints activated this energy absorption mechanism immediately and thus Beam
G_4 absorbed the impact energy more effectively than Beam G_3, which resulted in less impact-induced

damage in the former.



3.2 Displacement response

The displacement behaviour of the beams under the 20° impact (V; = 1.52 m/s) and 40° impact (V; = 3.13
m/s) is displayed in Figure 5. There were three different phases in the beam displacement response. In
Phase 1, the displacement increased from zero to its peak. Then the displacement reduced in Phase 2 as
the beam rebounded to its original position and the impact load decreased to zero. In Phase 3 when the
beam and the impactor detached from each other, the beam vibrated freely with a small amplitude. Owing
to the self-centring and closing-crack effects of the prestressing tendons, the residual displacement of the
tested beams was small as can be seen in Figure 5. While the peak displacement of Beam G_3 was similar
to that of Beam O_3 under the 40° impact, the peak displacement under the 20° impact of the latter was
11% higher than that of the former. This phenomenon was because Beam O_3 unexpectedly received a
higher impact velocity under the 20° impact than Beam G_3 (Table 2).
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Figure 5. Displacement behaviour of the beams.

Applying impact loads to joints (Beam G_4) increased the displacement of the beam in comparison with
applying impact loads to the middle of segments (Beam G_3) as presented in Figure 5. The maximum
displacement of Beam G_4 was 22% and 7% higher than that of Beam G_3 under the 20° impact and 40°
impact, respectively (Table 2). The possible reason might be the earlier joint opening in the former, resulting
in the earlier decrease in the stiffness of the beam and hence the greater displacement. It is worth noting
that the PSCB’s stiffness significantly decreases once its joints open [1].

3.3 Impact load and reaction force

Figures 6 and 7 show the time histories of the impact load and reaction force under the 20° impact (V; =
1.52 m/s) and 40° impact (V; = 3.13 m/s), respectively. In Phase 1, the impact load increased from zero to
its peak. The first impact load peak (Peak 1) and the peak at the maximum displacement (Peak 2) are
tabulated in Table 2. In Phase 2, the impact load declined to zero when the impactor head and the beam
separated. Similarly, the reaction force increased from zero and reached its peak in Phase 1, decreased in
Phase 2 and oscillated with a small amplitude in Phase 3, when the beam entered the free-vibration phase
(see Figures 6b and 7b). It is noteworthy that the impact load peak 2 and the maximum reaction force
occurred when the beam reached its peak displacement.
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Figure 6. Time histories of impact load and reaction force under 20° impact (V; = 1.52 m/s).



Overall, the impact load response of the GPC and OPC beams was similar, except that the first impact load
peak of Beam O_3 under the 20° impact test was significantly higher than that of Beam G_3 because the
former had a higher impact velocity. Under the high-velocity impact (40°), the first impact load peak of Beam
G_3 was 27% higher than that of Beam G_4 (see Table 2). This observation could be due to the earlier
reduction in stiffness of Beam G_4 when the impact load was applied directly to the joint, which led to the
instant opening of the joint. Despite the difference in the peak impact load, the reaction force response of
all the tested beams was almost similar. It is because the impact load peak is governed by the local stiffness
while the reaction force is governed by the global stiffness. Accordingly, the joint and the mid-segment had
very different local stiffness and thus induced very different impact load peaks.
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Figure 7. Time histories of impact load and reaction force under 40° impact (V; = 3.13 m/s).

4, Conclusions

This study investigates experimentally the impact performance of BFRP-reinforced PSCBs made of GPC
and OPC. Based on the obtained experimental results, the following conclusions can be drawn:

= Under 20° (V; = 1.52 m/s) impact and 40° (V; = 3.13 m/s) impact, the beams were significantly
damaged. The cracks primarily emerged from the corners of the joints due to stress concentration,
resulting from joint openings. The excessive joint opening caused the spalling of concrete and the
beam failure. This localized damage in the concrete shear keys requires great attention in design.

= Impacting at joints activated the energy absorption mechanism of the joint earlier than impacting at
the middle of segments, resulting in the impact energy being absorbed more efficiently and reducing
the impact-induced damage to the PSCB. The beam displacement was higher in the former case.

= The impact performance of the PSCB made of GPC was comparable to that of the counterpart with
OPC. The BFRP reinforcement was not damaged in the impact test. GPC and BFRP bars can be
used to construct sustainable and durable segmental beams.
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