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Abstract: The use of fiber reinforced polymer (FRP) bars in GeoPolymer Concrete (GPC) structures
has drawn increasing attention in recent years. The application of GPC with basalt fiber reinforced
polymer (BFRP) reinforcements in replacing Ordinary Portland cement Concrete (OPC) and steel
reinforcements leads to green and sustainable constructions. Currently, very limited studies have been
conducted to investigate the performance of GPC beams reinforced with BFRP bars under static loads,
but no study on their performance under impact loads has been reported yet in open literature. In this
study, ambient-cured GPC beams reinforced with BFRP bars were designed, cast and tested under static
and impact loads. The damage mode and quantitative results such as midspan deflection, reinforcement
strain, and impact and reaction forces were recorded and analysed. Test results showed that spiral
stirrups led to superior performance of the beams under both static and impact loads as compared to
conventional rectangular stirrups. The commonly used concrete material model *Mat_072R3 in LS-
DYNA was modified based on test data to model GPC material. With the modified GPC material model,
numerical models were developed and calibrated against the impact test results. Parametric studies were
carried out to investigate the influences of GPC material strength and longitudinal and stirrup

reinforcement ratios on the performance of beams subjected to impact loads. It was also found that
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using steel bars as the compression reinforcements led to better performance because BFRP bars under

shear and compression were vulnerable to splitting damage subjected to impact loads.

Keywords: Geopolymer Concrete beam; BFRP bar; Shear; Static test; Impact test; Numerical

simulation

1. Introduction

Reinforced Concrete (RC) structures, usually composed of Ordinary Portland cement Concrete (OPC)
and steel reinforcements, are widely used in construction of buildings, roads, bridges, tunnels, and other
civil infrastructures. The demand for OPC and steel reinforcements is expected to increase in the future
due to the rising needs of infrastructure in many developing countries, which will cause tremendous
amounts of carbon dioxide (CO.) emissions [1] as a result of the energy-intensive process of producing
cement and steel reinforcements. On the other hand, corrosion of steel reinforcement imposes threat to
the built RC structures. Corrosion induced damage causes deterioration of RC structures. Even worse,
it could result in catastrophic collapse of RC structures in extreme situations. Therefore, maintenance
cost is high for retrofitting and repairing the corrosion damaged RC structures, especially those in

aggressive and corrosive environments such as marine and coastal areas.

Currently, alternative materials for OPC and steel reinforcements are explored to reduce CO>
emission and mitigate corrosion issue in RC structures, respectively. GeoPolymer Concrete (GPC) is
considered as a sustainable material and a promising replacement for OPC since it utilizes industrial
wastes as binders, e.g., fly ash and slag [2]. Reuse of these industrial wastes is of great benefit to
environmental sustainability. Except these industrial wastes, construction and demolition wastes such
as red clay bricks [3] and ceramic tile wastes [4] can also be used as raw materials of binders. In addition,
GPC has good resistance to fire, acid, and sulphate attack, and can be designed and mixed to reach a
high compressive strength [5], which has gained increasing attention in recent years [6-8]. On the other
hand, fiber reinforced polymer (FRP) reinforcements become a popular alternative to steel

reinforcements due to the advantages of high tensile strength, lightweight, high fatigue endurance, and
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good corrosion resistance [9]. The application of GPC with FRP reinforcements has drawn great

attention in recent years [10, 11].

Over the past decades, many studies have been conducted to investigate the shear performance of
OPC beams reinforced with FRP bars under static loads [12-17]. Standards such as CSA S806 [18] and
ACI 440.1R [19] were also developed to guide the design of OPC beams reinforced with FRP bars.
However, very limited studies have been carried out to investigate the shear performance of GPC beams
reinforced with FRP bars under static loads. Maranan et al. [10, 20] conducted experiments to
investigate the effects of stirrup type, stirrup spacing, tension reinforcement ratio, and shear span-to-
effective depth ratio on the shear behaviour of GPC beams reinforced with glass fiber reinforced
polymer (GFRP) bars. Test results showed that the beams reinforced with rectangular GFRP stirrups
had a similar shear resistance as compared to those reinforced with steel stirrups while they had lower
shear strength as compared to those reinforced with spiral GFRP stirrups. Decreasing the spacing of
rectangular GFRP stirrups from 150 mm to 75 mm for short beams with a shear span-to-effective depth
ratio of 1.8 had no significant effect on the shear capacity of the beams, whereas decreasing the spacing
of spiral GFRP stirrups from 150 mm to 75 mm for slender beams with a shear span-to-effective depth
ratio of 3 could lead to a higher shear resistance of the beams. Test results also showed that increasing
the tensile reinforcement ratio and decreasing the shear span-to-effective depth ratio could increase the
shear capacity of the beams due to the increased flexural stiffness and the increased arch action,

respectively [21].

With the possible terrorist attacks, accidental explosions, vehicle crash, and falling object impact, the
performance of structures subjected to impact loads has received great attentions. There are limited
studies on the flexural behaviour of statically flexure-critical OPC beams reinforced with FRP bars
under impact loads. Goldston et al. [22, 23] investigated the influences of concrete strength, tension
reinforcement ratio, and drop height on the impact behaviour of OPC beams reinforced with GFRP bars
in drop weight tests. It was found that higher concrete compressive strength and reinforcement ratio
could result in lower maximum midspan deflection of the beams. With increase in drop height, the

beams exhibited the failure mode from concrete crushing on the top to the rupture of tension

3
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reinforcements. The dynamic amplification factor (DAF) of 1.15-1.17 was obtained by calculating the
ratio of dynamic moment capacity to static moment capacity. Based on the tested beams in [22], Saleh
et al. [24] built a numerical model and calibrated it against the test results. Parametric studies showed
that given similar initial kinetic energy of the drop weight, higher impact velocity could lead to higher
impact and reaction forces but lower midspan deflection while the crack pattern changed from flexure-
dominant to shear-dominant. Saleh et al. [25, 26] also conducted impact tests to investigate the
influences of stirrup spacing and dropping height on the behaviour of GFRP reinforced OPC beams.
Test results showed that decreasing the stirrup spacing led to smaller residual deflection and higher
residual capacity of the beams and resulted in the failure shifting from shear-plug mode to flexure-shear
combined or flexure-governed mode. With the increased dropping height, all the beams experienced

severer local damage and wider post-impact cracks.

Currently, no study can be found in open literature on the shear behaviour of statically shear-critical
GPC beams reinforced with FRP bars under impact loads. Since GPC and OPC have different material
properties such as brittleness and post-failure behaviour under compression [27, 28], the shear
performance of GPC beams reinforced with FRP bars under impact loads might be different from those
of OPC beams. In this study, five ambient-cured GPC beams reinforced with BFRP bars were prepared.
Three beams were tested under static loads while the other two beams were tested under impact loads.
The responses of the beams were investigated and analysed in terms of failure mode, crack pattern,
load-deflection curve, reinforcement strain, and impact and reaction forces. In addition, concrete
material model *Mat_072R3 (KCC model) in LS-DYNA was modified and calibrated based on GPC
material test data. With the modified concrete material model, numerical models were developed and
calibrated against impact test results of GPC beams reinforced with BFRP bars. Parametric studies were
then performed to investigate the effects of GPC compressive strength, tension reinforcement ratio,

stirrup ratio, and compression reinforcement type on the performance of the beam under impact loads.
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2. Test program

2.1. Materials

2.1.1 Geopolymer concrete

The mix design of the ambient-cured GPC used in this study was developed based on the previous
studies [29-31] and given in Table 1 to achieve a compressive strength of about 40 MPa. Two
commercially available source materials, i.e., fly ash and slag, were used in the study. The alkaline
solution was a combination of 12 M sodium hydroxide (NaOH) and D-grade sodium silicate (Na.SiOs)
solution. Crushed stones with the maximum sizes of 7 mm and 10 mm were used as coarse aggregates
and silica sand was used as fine aggregates. Six cylinders with a dimension of 1200 mm x 200 mm were
also cast corresponding to each prepared GPC beam to determine the GPC compressive strength. After

casting, all the GPC beam specimens and cylinders were cured under ambient condition in the lab.

Table 1 Mix design of GPC (kg/m?)

Coarse aggregates Fine aggregates Binder Solution Solution
/binder
Size7mm  Size 10 mm Silica sand Flyash Slag NasSiO; NaOH ratio
598 598 644 360 40 173.7 59.4 0.6

2.1.2 BFRP bars

The basalt fiber reinforced polymer (BFRP) bars consisted of basalt fibers (reinforcing material)
embedded into a matrix, i.e. epoxy resin. The epoxy resin encapsulated the fibers to transfer stress and
provide protection while the fibers provided stiffness and strength to the composite. In this study, 16-
mm-diameter straight bars were used as longitudinal reinforcements, 4-mm-diameter conventional
rectangular stirrups and 4-mm-diameter spiral stirrups were employed as transverse reinforcements as
shown in Fig. 1. The specified tensile strength fw, modulus of elasticity E;, and elongation &r, of these

reinforcements were 1200 MPa, 55 GPa, and 0.02, respectively, provided by the manufacturer [32].
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Fig. 1. BFRP cages for GPC beam casting: (a) rectangular stirrups and (b) spiral stirrups

2.2. Test specimens

A total of five GPC beams were designed and prepared. Three beams were tested under static loads
(three point bending) while the other two beams were prepared for drop hammer impact test. The beams
had the dimensions of width (b) of 150 mm, depth (h) of 200 mm, and length (L:) of 1250 mm. Fig. 2
shows the details of the beam geometry and the reinforcements. The concrete cover (c) of the beams
was 20 mm and the effective depth (d) was 168 mm. To investigate the shear behaviour of GPC beams
reinforced with BFRP bars, the beams were designed with their flexural capacities (i.e. 100 kN) about
twice of the shear capacities (i.e. 45 kN), indicating that all the beams are prone to fail in shear under
static loads. Since no standard is available for the design of FRP bars reinforced GPC beams, the beam

design in this study was based on Standard ACI 440.1R-15 [19], which is used for FRP bars reinforced

OPC beams.
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Fig. 2. Configuration of the tested beams with (a) rectangular stirrups and (b) spiral stirrups

Table 2 gives the details of the tested beams. For easy reference, the beam labels include four parts:
the first part represents the concrete type, i.e., GPC; the second part with the letters of “S” and “I”
denotes the load conditions, namely, static loads and impact loads, respectively; the third part is the
stirrup type, i.e., no stirrup (NS), conventional rectangular stirrup (RS), and spiral stirrup (SP); the last
number is concrete compressive strength f;. For instance, Beam GPC-I-RS-47 means the beam with
the concrete strength of 47 MPa was transversely reinforced with conventional rectangular stirrups and
tested under impact loads. The first beam (GPC-S-NS-34) was designed without stirrups to determine
the shear contribution of GPC to the beam capacity under static loads. The second beam (GPC-S-RS-
52) was transversely reinforced with conventional rectangular stirrups to determine the shear
contribution of stirrups to the beam capacity under static loads. Meanwhile, it was a reference beam for
impact tests. The third beam (GPC-S-SP-40) was transversely reinforced with continuous spiral stirrups
and designed having the same stirrup ratio and similar shear capacity as the second beam (GPC-S-RS-
52) to investigate the effect of stirrup type on the shear behaviour of the beam under static loads. The
fourth beam (GPC-I-RS-47) was similar to the second beam (GPC-S-RS-52) to investigate the shear
behaviour of the beam under impact loads. The fifth beam (GPC-1-SP-46) was similar to the third beam
(GPC-S-SP-40) to investigate the effect of stirrup type on the impact behaviour of the beam. It is worth
noting that the five prepared beams have different GPC strengths because they were mixed and cast

separately owing to the small capacity of the mixer in the lab.
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Table 2 Details of the tested beams

Beam Concr  Load  Stirruptype Compressi  Stirrup  Designe  Designed

ete  conditi ve strength  ratio p s dshear  flexural

type on fe (%) capacity  capacity
(MPa) KN (kN)
GPC-S-NS-34  GPC  Static No stirrup 34 0 44.8 90.4
GPC-S-RS-52 GPC  Static  Rectangular 52 0.17 48.1 107.8
GPC-S-SP-40 GPC  Static Spiral 40 0.17 46.0 97.4
GPC-I-RS-47 GPC Impact Rectangular 47 0.17 47.3 104.0
GPC-I1-SP-46 GPC  Impact Spiral 46 0.17 47.1 103.2

2.3. Testing program and instrumentation

2.3.1 Quasi-static test setup

Fig. 3 shows the quasi-static test setup. The beams were simply supported by a pin and a roller in a

three-point bending condition with a clear span (L) of 1100 mm. The load was applied by a hydraulic

jack at a rate about 3 mm/min. A load cell and linear variable differential transformers (LVDTS) were

used to record the applied loads and the corresponding midspan deflection of the beams, respectively.

Four strain gauges (SGs) were attached to the bottom longitudinal bars (tension reinforcements) and

stirrups at an angle of 45° initiated from the load point as shown in Fig. 2. The shear behaviour of the

tested beams under static loads, i.e., crack pattern, failure mode, shear capacity, load-midspan deflection

relation, load-strain relation of the reinforcements were investigated. Meanwhile, the test results were

compared with the predicted results based on Standards ACI 440.1R-15 [19] and CSA S806-12 [18].

71 Hydraulic jack |

Steel v-Ik
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Fig. 3. Quasi-static test setup

2.3.2 Impact test setup

Drop-weight impact tests, widely used to investigate the impact behaviour of concrete beams [33-
35], were carried out by dropping a hammer from a certain height onto the midspan of the beams using
the impact test setup as shown in Fig. 4. The beams had a clear span (L) of 1100 mm, which was the
same as static test. Two load cells were fixed onto the top and the bottom of the left support to record
the reaction forces. Another load cell was placed on the midspan of the beams to measure the impact
forces. This load cell was attached to a load cell adaptor with the dimension of 150 mm x 200 mm x 20
mm. In order to produce an even contact surface, plaster was used between the beam surface and the
load cell adaptor. Four strain gauges (SGs), the same as static test, were bonded onto the bottom
longitudinal bars and stirrups as shown in Fig. 2. The hammer with the weight of 203.5 kg was dropped
from 2 m height for all the beams. More details about the impact test apparatus could be referred to
reference [35]. Impact velocity of the drop hammer, failure progress and midspan deflection of the
tested beams were captured by a high speed camera with the rate of 20,000 frames per second. A data
acquisition system was used to record the impact force and reinforcements strain with the frequency of
50 kHz. The results of the impact tests such as crack pattern, failure mode, impact force, reaction force,

and reinforcements strain were recorded and analysed.



194
195

196

197

198

199

200

201

202

203

204

205

206

207

208

Drop hammer

Steel plate

Load cell cap

op load cell

Load cell

T~

s 9

Load cell adaptor

Steel roller S—

: l_l Steel plate

Steel plate
/L
Steel roller
/T
L Bottom load cell
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3. Quasi-static test results

3.1. Failure modes and crack patterns

Fig. 5 shows the failure modes and crack patterns of the three beams under quasi-static loads. As
expected, all the beams failed in diagonal shear since their flexural capacities were much higher than
the shear capacities, characterized by a very wide diagonal crack which initiated from the steel v-block
and ended at one support. The crack patterns were almost symmetric for the three beams. The similar
flexural crack patterns of Beams GPC-S-RS-52 and GPC-S-SP-40 indicated that these two beams had
similar flexural performance as expected because they were designed with the same tension
reinforcement ratio. The diagonal cracks initiated on Beam GPC-S-NS-34 when the applied load
reached about 32 kN as circled in Fig. 5 (the numbers represent the applied loads), which was less than
those (about 46-51 kN) for Beams GPC-S-SP-40 and GPC-S-RS-52 due to the lower compressive
strength of concrete and stirrup ratio (0%) of Beam GPC-S-NS-34. Stirrup rupture was observed in both

Beams GPC-S-RS-52 and GPC-S-SP-40.

10
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Fig. 5. Failure modes and crack patterns of the three beams under quasi-static loads

3.2. Quasi-static responses

Table 3 gives the quasi-static test results. Since it is believed that the shear resistance contribution
from concrete to the beam capacity is proportional to the square root of the compressive strength of
concrete [19], the maximum loads (shear capacities) of the three beams were normalized with respect
to the square root of the GPC compressive strength /f/bd [20, 36-38]. Fig. 6 shows the normalized
load-midspan deflection curves of the three tested beams. It can be seen that all the beams exhibited
nearly bilinear load-deflection behaviour up to the maximum loads (i.e., 66.5 kN, 85.2 kN, and 77.3 kN
as listed in Table 3 for Beams GPC-S-NS-34, GPC-S-RS-52, and GPC-S-SP-40, respectively; the
corresponding normalized maximum loads were 0.453, 0.469, and 0.485, respectively). In the first

linear stage, the three beams had similar uncracked stiffness which were associated with the gross
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moment of inertia of the beam section while they had varying flexural cracking loads (i.e., 11.0 kN,
21.8 kN, and 20.5 kN as listed in Table 3 for Beams GPC-S-NS-34, GPC-S-RS-52, and GPC-S-SP-40,
respectively) due to different tensile strengths of the GPC material and the reinforcement cage. The
existence of stirrups besides provides shear resistance, the reinforcement cage also results in more
bending resistance than individual longitudinal bar. A reduced slope with nonlinear segment is
identified as the second stage due to the flexural and shear cracks. The normalized maximum loads of
Beams GPC-S-RS-52 and GPC-S-SP-40 were 0.469 and 0.485, respectively, while it was 0.453 for
Beam GPC-S-NS-34. Therefore, the shear contributions of the conventional rectangular stirrups and the
spiral stirrups to the normalized shear capacities of Beams GPC-S-RS-52 and GPC-S-SP-40 were 3.5%
and 7.1%, respectively. With the higher normalized shear capacity of GPC-S-SP-40 than that of Beam
GPC-S-RS-52, it can be concluded that spiral stirrups could increase the shear capacity of BFRP
reinforced GPC beams under static loads as compared to conventional rectangular stirrups. This finding
agrees with the results in reference [10] as mentioned above, which could be resulted from the increased

dowel action attributed to longitudinal confinement provided by the spiral stirrups [10].

Table 3 Quasi-static test results

Normalized Midspan Strain at maximum load (ue)
Cracking Maximum . )
maximum  deflection at
Beam load load P . Rebar Rebar Stirrup Stirrup
) () load maximum
, SG1 SG2 SG1 SG2
P/bdfcl/z load (mm)
GPC-S-
11.0 66.5 0.453 9.6 - 4700 * *
NS-34
GPC-S-
21.8 85.2 0.469 8.7 4600 3800 13400 6800
RS-52
GPC-S-
Sp_40 20.5 77.3 0.485 7.5 4600 3700 7600 9700

Note: ‘-’: not captured due to strain gauge failure; “*’: no stirrup SGs.

12
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Fig. 6. Normalized load-midspan deflection curves of the three beams

Fig. 7 shows the normalized load-strain curves of the bottom longitudinal reinforcements and the
stirrups, which are similar to the normalized load-midspan deflection curves before the failure of the
beams. Both the strain of the bottom BFRP bars and the stirrups were very small at uncracked stage
prior to flexural cracking since the load carrying was mainly contributed by the GPC material. Once the
flexural cracks appeared, the tensile force carried by GPC transferred to tension reinforcements and the
strain of the bottom longitudinal reinforcements then increased sharply while the strain of the stirrups
increased gradually. With the increased load, the shear cracks appeared and the strain of stirrups
increased sharply as expected. The strain of the bottom longitudinal bars (3800-4700 pe) at maximum
loads was much lower than that of the stirrups (7600-13400 pe), indicating the beams failed in a shear-

governed manner.
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254 Currently, there is no standard available for GPC beams reinforced with FRP bars. Therefore, shear

255  capacities of the GPC beams were predicted based on Standards ACI 440.1R-15 [19] and CSA S806-
256 12 [18], which were for design of OPC beams. Table 4 gives the ratios of the predicted results to the
257  testresults. The CSA S806-12 code gives more accurate predictions with the average ratio of 0.94 while
258  the predictions based on the ACI 440.1R-15 code underestimate the shear capacities of the tested beams
259  with the average ratio of 0.62. This observation is in agreement with the findings by EI Refai and Abed

260  [39], EI-Sayed and Soudki [40], Alam and Hussein [37], Kim and Jang [41], Razagpur and Spadea [16],
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and Maranan et al. [10]. The reason could be that the ACI 440.1R-15 code [19] gives more conservative
prediction by considering the effect of axial stiffness psEr (modulus of elasticity of FRP bars Er and
tension reinforcement ratio pr) of tension FRP bars with a factor k (ratio of depth of neutral axis to
reinforcement depth, less than 1.0), as compared to the factor k; (greater than 1.0) as specified in CSA

$806-12 code [18].

Table 4 Ratios of the predicted shear capacities to the test results

Test shear ACI 440.1R-15 [19] CSA S806-12 [18]
Beam capacity P
Predicted shear ] Predicted shear ]
(kN) _ Ratio _ Ratio
capacity (KN) capacity (KN)
GPC-S-NS-34 66.5 44.8 0.68 66.6 1.00
GPC-S-RS-52 85.2 48.2 0.57 77.6 0.91
GPC-S-SP-40 77.3 46.0 0.60 71.2 0.92
Mean 0.62 0.94

4. Impact test results

4.1. Failure modes and crack patterns

As anticipated, both Beams GPC-I-RS-47 and GPC-I-SP-46 failed in shear as shown in Fig. 8.
Diagonal shear cracks and stirrup rupture were observed. In addition, Beam GPC-I-RS-47 suffered
severe splitting damage of the top longitudinal bars. The rebar splitting could occur when FRP bar is
subjected to large transverse shear force [42]. Beam GPC-I-RS-47 experienced severer splitting damage
of the top longitudinal bars as compared to Beam GPC-I-SP-46, which could be explained as follows:
as compared to rectangular stirrups, the longitudinal confinement provided by spiral stirrups could
better restrain the widening of cracks, further enhance the dowel action of the bottom longitudinal
reinforcements and maintain the shear contribution from aggregate interlocking [10]. Therefore, Beam
GPC-1-RS-47 had higher compression and shear stresses in the top longitudinal bars and the
compression zone of the beam section than those of Beam GPC-I-SP-46 [21], which led to severer

splitting damage to the top longitudinal bars in Beam GPC-1-RS-47 than that in Beam GPC-1-SP-46.
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As listed in Table 5, Beam GPC-I-RS-47 experienced larger midspan deflection and diagonal shear
crack width than Beam GPC-1-SP-46. In addition, as compared to the two Beams GPC-S-RS-52 and
GPC-S-SP-40 under static loads, both Beams GPC-I-RS-47 and GPC-I-SP-46 under impact loads
experienced severer concrete damage, splitting damage of the top longitudinal bars, but less flexural

cracks.

§

G

_______________

GPC-I-SP-46
R

"

Stirrup rupture

Fig. 8. Failure modes of the two beams under impact loads

The failure progress of the two beams under impact loads are shown in Fig. 9. Two vertical flexural
cracks at 1 ms and another two shear cracks at 2 ms were observed on both Beams GPC-1-RS-47 and

GPC-I-SP-46. As can be seen, the shear crack on the left side of Beam GPC-I-RS-47 extended closer
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to the load point at 2 ms as compared to that on the right side, the rebar splitting damage thus occurred
on the left side of the beam. Beam GPC-I1-SP-46 had a more symmetric failure mode as compared to
Beam GPC-I-RS-47. In general, no new crack was observed after 6 ms but the existing cracks further

widened and extended.

. GPC--Rs-47 = " gaiee @ . GPC-I-SP

T

Ty

Fig. 9. Failure progress of the two beams under impact loads
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4.2. Impact responses

Table 5 gives the impact responses of the tested beams. The time histories of the recorded impact
forces and the resultant reaction forces from the bottom load cell and the top load cell are shown in Fig.
10. It should be noted that the reaction force of Beam GPC-1-SP-46 was not well recorded and therefore
is not shown herein. The two beams showed similar impact force profile, of which the factors have been
carefully discussed in [43]. The time histories of the impact forces exhibited a triangular shape with the
first peak impact force of about 370-390 kN and the duration about 5 ms. Subsequently, the impact

forces reached the second peak of about 125-135 kN and decayed after 10 ms.

Table 5 Impact testing results

Beam Impact Kinetic Maximum  Maximum  Maximum  Residual
velocity (m/s)  energy (J) impact reaction deflection  deflection
force (kN)  force (kN) (mm) (mm)
GPC-I-RS-47 5.74 3352.4 385.3 115.3 64.0 34.0
GPC-I-SP-46 5.86 3494.1 374.0 - 37.3 13.3

Note: ‘-’: measurement error.
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Fig. 10. Impact and reaction force time histories of Beams (a) GPC-1-RS-47 and (b) GPC-I-SP-46

Fig. 11 displays the midspan deflection time histories of the two beams. The maximum deflection of
Beams GPC-1-RS-47 and GPC-I-SP-46 was 64.0 mm and 37.3 mm, respectively, while their residual
deflection was 34.0 mm and 13.3 mm, respectively. The maximum and residual deflection of Beam
GPC-1-RS-47 at midspan was much larger than that of Beam GPC-I-SP-46 due to the severer splitting
damage of the top longitudinal bars of GPC-I-RS-47. Therefore, it can be concluded that the stirrup
type has a significant effect on the shear behaviour of GPC beams reinforced with BFRP bars under
impact loads and the spiral stirrups demonstrated superior impact performance than the rectangular

stirrups.
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319 Fig. 11. Midspan deflection time histories of the two beams
320 Fig. 12 shows the reinforcement strain time histories of the two beams. Both Beams GPC-I-RS-47

321  and GPC-I-SP-46 experienced the peak strain of the bottom longitudinal bars (rebar SG1 and rebar SG2)
322 about 6000 pe. The stirrup SG2 in Beam GPC-I-RS-47 had larger peak than that of SG1 due to the
323  severer shear damage on the left side of the beam. It should be noted that some strain gauges (rebar SG2
324 and stirrup SG2 in Beam GPC-1-RS-47, rebar SG2 and rebar SG1 in Beam GPC-I-SP-46) were not
325  recorded in full due to the rupture of strain gauge cables. The stirrup SG2 and stirrup SG1 in Beam

326  GPC-1-SP-46 failed immediately after the impact and their data therefore are not presented herein.
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Fig. 12. Strain time histories of reinforcements: (a) GPC-I-RS-47 and (b) GPC-1-SP-46

5. Numerical simulation

5.1. Finite element model

Numerical models of the tested beams were developed by using LS-DYNA [44]. Following the test
set-up, parts of GPC beams, reinforcements, steel plates, steel rollers, drop hammer, load cell, load cell
cap, as well as the load cell adaptor were included in the model as shown in Fig. 13. Eight-node solid
elements were employed for all the parts except the reinforcements. Hughes-Liu beam elements with
cross  section integration were adopted for the reinforcements. The  keyword
*Constrained_Beam_in_Solid was used to model the interaction between the reinforcements and the
concrete. *Automatic_Surface_to_Surface contact was utilized for simulating the contacts among all
the parts, except that *Automatic_Surface_to_Surface_Tiebreak contact was employed to model the
connection between the load cell adaptor and the load cell. The keyword *Initial_Velocity Generation
was used to specify the initial impact velocity of 5.8 m/s for the drop hammer according to the test
results. Mesh size sensitivity analysis was conducted. The mesh size of 5 mm was determined for GPC
beam and reinforcements and the mesh size of 10 mm was adopted for the other parts by balancing the

computational accuracy and cost.
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Fig. 13 Numerical model of Beam GPC-I-RS-47

5.2. Material models

There are several material models available in LS-DYNA [45] to simulate the behaviour of OPC
material, such as *Mat_Pseudo_Tensor (*Mat_016), *Mat_Concrete_Damage_Rel3 (*Mat_072R3,
also called KCC model), *Mat_Johnson_Holmquist_Concrete (*Mat_111), *Mat_CSCM_Concrete
(*Mat_159), *Mat_Concrete_Damage_Plastic_Model (*Mat_273), etc. However, these models cannot
be directly applied to GPC, ultra-high performance concrete (UHPC), and ultra-high performance fiber
reinforced concrete (UHPFRC) due to the different material properties, e.g., GPC is more brittle than
OPC and behaves differently in softening stage [27, 28, 46]. There is no verified material model for
GPC vyet. It is worth noting that KCC model has been used to simulate UHPC [47] and UHPFRC
structures [48] under impact and blast loads after modification and calibration of the material model.
Since KCC model could take the effects of strain hardening, damage, strain softening, as well as strain
rate effect into consideration [49], it has been widely used for the simulations of concrete structures

subjected to impact and blast loads [50-53]. In this study, the KCC model was also used and modified
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to simulate GPC material. Before modification, three GPC cylinders with the average strength of 40
MPa were tested as per AS 1012.9:2014 [54] to obtain the stress-strain curve. The testing data are used

to calibrate the modified KCC model in representing the GPC material properties as shown in Fig. 14.

50 '
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/‘-U\ 3
S 30t
2
o 20
7
© —e— Simulation: modified KCC model for GPC (40MPa)
2 10 - m— Test GPC cylinder 1
— o— Test GPC cylinder 2
ok - & Test GPC cylinder 3

0.000 0.001 0.002 0.003 0.004 0.005 0.006

Axial strain
Fig. 14 Comparison of stress-strain curves of the test and numerical results

KCC model defines three failure surfaces (i.e. yield surface Aay, maximum failure surface Aom, and

residual failure surface Aay) with eight parameters (i.e. aoy, aiy, @2y, @om, &im, a2m, a1r and az) as follows

[49]:
Aoy, = agy + iy +pazy'p (1)
Aoy, = agm + almfm (2
Ao, = alrfazrp 3)

where p = -(AowtAoyy+Aocz)/3 is the pressure. Table 6 lists the modified parameters of the GPC material
with compressive strength of 40 MPa (see GPC-1), which are used for material calibration in simulation
against the test data of cylinders as shown in Fig. 14. The modification was defined as follows: due to
the lack of test data, a similar tensile strength (i.e., 3.8 MPa) for the GPC material to the default value

(i.e. 3.5 MPa) for OPC was adopted (see Table 6) to get good consistence between the beam simulation
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and the test results in Section 5.3. In KCC model, the yield strength Agy of OPC is taken as 0.45 times
of the maximum strength Aom. Based on the stress-strain curves of GPC cylinders in Fig. 14, the yield
strength of GPC is estimated as 19.0 MPa, which is about 0.5 times of the maximum strength. Therefore,
aoy could be calculated according to Eq.(1) by keeping auy, a»y unchanged as defined in the KCC model.
Since OPC and GPC with the same compressive strength of 40 MPa have the same maximum strengths,
the parameters of GPC in maximum failure surface (aom, aim, and azm) are not changed. Both ayr and bz
(parameter related to the compressive damage behaviour of concrete) have very significant effect on
the concrete behaviour at post-failure stage, which need be modified, while ayr was kept unchanged as
listed in Table 6 (see GPC-1). The damage function #(1) is a user-defined function of effective plastic

strain A as shown in Fig. 15, which was based on the stress-strain relation of the GPC material test data.

Table 6 Key parameters used in KCC model for GPC

Material OPC GPC-1 GPC-2
(default)
Compressive strength (MPa) 40 40 (for GPC material 47 (for beam
calibration) simulation)
Tensile strength (MPa) 35 3.8 4.0
Density (kg/m?®) 2300 2300 2300
Poisson’s ratio 0.19 0.19 0.19
Aoy 8.928E6 9.489E6 1.115E7
ay 0.625 0.625 0.625
ayy 6.437E-9 6.435E-9 5.477E-9
Aom 1.182E7 1.183E7 1.390E7
Aim 0.4463 0.4463 0.4463
Aom 2.020E-9 2.020E-9 1.719E-9
Ay 0.4417 0.3334 0.3334
ar, 2.958E-9 2.958E-9 2.517E-9
by 1.6 0.6 0.6
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Fig. 15 Damage function #(4) for GPC

With the above modified parameters, GPC compression test with single element [48, 55] in LS-
DYNA was conducted to obtain the stress-strain curve and compared to the cylinder test results as
shown in Fig. 14. As can be seen, KCC model with the modified parameters is able to capture the

behaviour of GPC material under compression test.

Although the parameters of GPC material with compression strength of 40 MPa were calibrated, the
GPC material parameters of Beams GPC-1-RS-47 and GPC-1-SP-46 are yet confirmed due to different
compressive strengths. In KCC model, scaling of failure surfaces is usually used to solve this problem.
To model a new GPC with known axial compressive strength £, .., (€.9., 47 MPa), its failure surfaces
could be scaled from a known GPC material with the axial compressive strength f; ,;4, €.9., GPC-1

with the compressive strength of 40 MPa in this study, as follows [49]:

p
Ao =a 4+ 4
new Onew a1 newtaz newd ( )

where the new coefficients (aonew, a1new, 82,new) OF failure surfaces are expressed in terms of the old ones
aS Ag new = To,01dr A new = A101d> A2 new = A2,01q/7, IN Which r is the scaling factor defined by the
ratio of compressive strengths, i.e., fnew/fco1a- Therefore, the eight parameters of three failure

surfaces in KCC model for Beam GPC-I-RS-47 with GPC compressive strength of 47 MPa could be
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obtained and listed in Table 6 (see GPC-2), corresponding to a factor r of 1.175 (i.e., 47 MPa/40 MPa).
Because the tensile strength of concrete is proportional to the square root of compressive strength [56],
the tensile strength was scaled to 4.0 MPa by the square root of the scaling factor (i.e., 1.175). The other
parameters in KCC model remained unchanged as those with the compressive strength of 40 MPa
(GPC-1). Because of the very little difference between the GPC compressive strengths of Beams GPC-
I-RS-47 and GPC-1-SP-46, the parameters for GPC with compressive strength of 47 MPa were also

utilized for Beam GPC-I-SP-46.

*Mat_Piecewise_Linear_Plasticity (*Mat_024) was employed to model steel and BFRP materials.
Load cell was simplified as a solid cylinder. To consider the configuration of internal gap inside the
load cell, the equivalent mass density of the load cell was simply determined by the ratio of the actual
mass to the external volume of the modelled load cell, which was 5850 kg/m?, about 25% lower than
the actual mass density of steel material. For simplicity and without changing the propagating velocity
of stress wave inside the load cell, the equivalent modulus of the modelled load cell was also taken as
25% lower than the actual modulus of steel material, which was 150 GPa. The values of the parameters

used in the beam simulation are listed in Table 7.

Table 7 Parameters of material model

Part Material model in LS-DYNA Parameter Value
GPC beam *Mat_Concrete_Damage See Table 6
See Table 6 (GPC-2)
_Rel3 (*Mat_072R3) (GPC-2)
BFRP *Piecewise_Linear_ Density 2000 kg/m?®
reinforcements Plasticity (*Mat_024) Modulus of elasticity 55 GPa
Poisson’s ratio 0.25
Strength 1200 MPa
Failure strain 1.0E-5
Load cell *Piecewise_Linear_ Density 5850 kg/m?
Plasticity (*Mat_024) Modulus of elasticity 150 GPa
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Poisson’s ratio 0.3

Yield stress 500 MPa
Steel plates, steel *Piecewise_Linear_ Density 7800 kg/m3
rollers, drop Plasticity (*Mat_024) Modulus of elasticity 200 GPa
hammer, load cell
Poisson’s ratio 0.3
cap, load cell
adaptor Yield stress 500 MPa

The strength increment due to strain rate effect of BFRP composites [57] and steel material [58] was
considered in material model *Mat_024 by defining the dynamic increase factor (DIF) at given strain
rates. The DIF of GPC material was based on dynamic material testing data and the references [59, 60].
In order to model the failure mode of the beams, the erosion algorithm was used by defining erosion
criteria through the keyword *Mat_Add_Erosion, which has been widely utilized in concrete structures
subjected to impact and blast loads [51-53, 61]. In the present study, erosion criteria were determined
by trial-and-error to reach good agreement with the test results as follows: minimum principal strain of
-0.12 (“-’ denotes tension) and maximum principal strain of 1.8 for concrete, shear strain of 0.009 for
the top longitudinal bars, and failure strain of 1.0E-5 [62] as listed in Table 7 for the bottom longitudinal
bars were adopted for both Beams GPC-1-RS-47 and GPC-I-SP-46. Minimum principal strain of -0.012

(°-> denotes tension) and -0.007 was determined for rectangular stirrups and spiral stirrups, respectively.

5.3. Comparison between numerical and test results

The concrete damage level could be characterized by element erosion and effective plastic strain in
KCC model. Fig. 16 compares failure progress of Beam GPC-1-RS-47 between the numerical and test
results. As can be seen, the concrete damage predicted by numerical simulation is in good agreement
with the crack patterns in the test results. High effective plastic strain appeared on both sides of the
beam in the simulation. Severe element erosion initiated from the load cell adaptor was observed on the
left side of the beam in the simulation, replicating the wide diagonal shear crack and concrete spalling
in the test results. In addition, a number of elements of the top longitudinal bars were deleted in the

simulation, indicating the splitting damage of the top BFRP bars in the test. It should be noted that the
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effective plastic strain contours are not symmetric, which could be due to the numerical errors induced
by explicit solver of nonlinear problems and numerical instability caused by softening post-failure
characteristics of material models [63]. When material enters softening phase, the symmetry of the
numerical results is very sensitive to the numerical errors and the micro-cracks could cause asymmetry
[64, 65]. Therefore, the effective plastic strain contour in the simulation at 1 ms is not perfectly
symmetric, but symmetric in general as shown in Fig. 16. This asymmetry could be also found in
references [61, 64, 66, 67]. As time progresses, the level of asymmetry is enhanced, e.g. at 15 ms and
105 ms. It is due to the accumulated asymmetry of numerical results. In addition, the element erosion
of reinforcements and concrete for shear-failure-type beams could further aggravate the asymmetry of

numerical results, as also found in references [68, 69].
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Fig. 16 Comparison of crack pattern and failure progress of Beam GPC-1-RS-47
Fig. 17 shows the comparison of the impact responses of Beam GPC-1-RS-47 between the numerical
and test results. The predicted impact force was obtained by the vertical contact force between the load
cell and the load cell cap. The peak impact forces from the numerical and test results were 357.9 kN
and 385.3 kN, respectively. The maximum deflection from the numerical and test results was 55.5 mm
and 64.0 mm, respectively. The corresponding residual deflection was 33.6 mm and 34.0 mm,

respectively. The numerical results agree well with the testing results.
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Fig. 17 Comparison of dynamic responses of Beam GPC-1-RS-47: (a) impact force and (b) midspan

deflection
Fig. 18 displays the failure progress of the tested Beam GPC-I-SP-46 and the corresponding effective
plastic strain contours in the numerical simulation. It shows that the concrete damage predicted by the
numerical simulation resamples the crack patterns in the test results. High effective plastic strain
initiated from the load cell adaptor appeared on both sides of the beam. As compared to the simulation
of Beam GPC-I-RS-47, less elements of the top longitudinal bars were deleted, indicating that Beam

GPC-1-SP-46 experienced less splitting damage of the top longitudinal bars.
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Fig. 18 Comparison of crack pattern and damage progress of Beam GPC-I-SP-46

Fig. 19 shows the comparison of the impact responses of Beam GPC-1-SP-46 between the numerical
and test results in terms of impact load profile and midspan deflection. The peak impact forces from the
numerical and test results were 357.9 kN and 374.0 kN, respectively. The maximum deflection from
the numerical and test results was 32.4 mm and 37.3 mm, respectively. The corresponding residual
deflection was 15.8 mm and 13.3 mm, respectively. The predicted impact responses agree well with the

test results.
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Fig. 19 Comparison of dynamic responses of Beam GPC-I-SP-46: (a) impact force and (b) midspan
deflection

6. Parametric study

With the calibrated numerical models, parametric studies were conducted on Beam GPC-I1-RS-47
with commonly used conventional rectangular stirrups. According to design guideline of Standards
CSA S806-12 [18] and ACI 440.1R-15 [19], shear strength is mainly contributed by two parts: one is
the shear resistance provided by concrete, which is influenced by concrete compressive strength and

tension reinforcement ratio (contributed by dowel action and aggregate interlocking); the other is the
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shear resistance provided by FRP stirrups, which is affected by stirrup ratio. Therefore, the parameters
including compressive strength of GPC material, tension reinforcement ratio, and stirrup ratio were
considered here. Moreover, in order to avoid splitting damage of compression FRP reinforcements
which could further induce severe damage of concrete beams as observed in the tests, the effect of

compression reinforcement type was also investigated in the parametric study.

6.1. Effect of GPC compressive strength

Compressive strengths of 27 MPa, 47 MPa, and 67 MPa were specified for three Beams B-27, B-47,
and B-67, respectively to study the influences of concrete strength on the beam responses, while all the
other parameters were kept the same as the above. The erosion criteria for different compressive
strength were assumed as the same in the present study. Fig. 20 shows the effective plastic strain
contours and midspan deflection time histories of the beams with different GPC compressive strength.
As can be seen, decreasing GPC compressive strength from 47 MPa to 27 MPa resulted in larger
midspan deflection and severer damage to the beam under impact loads. Increasing GPC compressive
strength from 47 MPa to 67 MPa only slightly reduced the maximum midspan deflection of the beam
by 5% (from 55.5 mm to 52.8 mm) but the residual deflection increased by 27% instead (from 33.6 mm
to 42.6 mm). As compared to Beam B-47, Beam B-67 experienced severer splitting damage of the top
BFRP bars and more concrete damage and concrete spalling as circled in Fig. 20 (a). The possible
reasons are given as follows: for high strength concrete, more energy is absorbed by every single crack
because the total number of cracks are less due to higher tensile strength and fracture energy of concrete
[70] as compared to normal strength concrete, leading to less number but wider cracks on beams with
high strength concrete than those with normal strength concrete. Thus, after the first peak, Beam B-67
suffered more shear resistance loss due to the weakened dowel action with wider cracks, as compared
to Beam B-47. As a result, Beam B-67 was prone to experience more concrete damage and severer
splitting damage of top BFRP bars as shown in Fig. 21 when it was subjected to the second impact (at

5-8 ms) as compared to Beam B-47.
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Fig. 21 Effective plastic strain contours of Beams B-47 and B-67 at 6.0 ms

6.2. Effect of tension reinforcement ratio

Beside concrete compressive strength, the shear resistance contributed by concrete is influenced by
tension reinforcement ratio (contributed by dowel action and aggregate interlocking) [21]. Therefore,
four beams, i.e. B-T-1.2%, B-T-1.6%, B-T-2.5%, and B-T-3.6% ( ‘T’ denotes tension reinforcement),
with tension reinforcement ratios of 1.2%, 1.6%, 2.5%, and 3.6%, respectively, were modelled by
changing the diameter of tension reinforcements (the corresponding diameters: 14 mm, 16 mm, 20 mm,
and 24 mm), while keeping all the other parameters unchanged. Fig. 22 shows the numerical results in
terms of effective plastic strain contour and midspan deflection time history. As can be seen, increasing
the tension reinforcement ratio, the beam experienced less severe concrete damage and lower maximum
and residual deflection. However, further increasing the tension reinforcement ratio up to 3.6% barely

decreased the residual deflection, with the converged residual deflection of about 24.5 mm.
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6.3. Effect of stirrup ratio

Shear resistance of the beam is affected by stirrups. Stirrup ratios of 0.17%, 0.26%, and 0.38% were
adopted for three beams, i.e., B-S-0.17%, B-S-0.26%, and B-S-0.38% (‘S’ denotes stirrup), with
diameters of 4 mm, 5 mm, and 6 mm, respectively. Fig. 23 shows the effective plastic strain contours
of the beams with different stirrup ratios and their corresponding midspan deflection time histories.
With the increasing stirrup ratio, the beams had lower effective plastic strain and decreasing maximum
midspan deflection (i.e. 55.5 mm, 45.9 mm, and 34.9 mm), indicating less damage to the beams under
impact loads. It was also observed that increasing the stirrup ratio from 0.17% to 0.26% barely
decreased the residual deflection, because the residual deflection is strongly influenced by the splitting
damage of the top longitudinal bars of Beams B-S-0.17% and B-S-0.26% on two sides. When the stirrup
ratio increased to 0.38%, only one side of Beam B-S-0.38% experienced splitting damage of the top
longitudinal bars and the residual deflection decreased greatly from 33.6 mm to 10.1 mm. Therefore, it
is concluded that using sufficient stirrup ratio can significantly improve the impact resistance of the

beams and simultaneously reduce their residual deflection.
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6.4. Effect of compression reinforcement type

Splitting damage of compression FRP reinforcements was observed under impact loads due to large
transverse shear force. It is well known that FRP bars are strong in tension but relatively weak in shear
and compression. In this section, the effect of compression reinforcement type was investigated by
replacing the top longitudinal BFRP bars with the same-diameter (16mm) steel bars based on the design
of Beam GPC-I-RS-47. The GPC strength was 47 MPa and the longitudinal and transverse
reinforcement ratios were 1.60% and 0.17%, respectively. The steel reinforcements with yield strength
of 500 MPa (density 7800 kg/m?, modulus of elasticity 200 GPa, Poisson’s ratio 0.3, tangent modulus
2 GPa, and failure strain 0.15 [71]) and the BFPR bars were used as compression reinforcements for
Beams B-C-Steel and B-C-BFRP (‘C’ means compression reinforcement), respectively. Fig. 24 shows
the predicted failure modes and the midspan deflection time histories of the two beams. As shown,
Beam B-C-Steel experienced less severe concrete damage and splitting damage of compression
reinforcements than Beam B-C-BFRP. The maximum deflection of Beams B-C-BFRP and B-C-Steel
was 55.5 mm and 31.2 mm, respectively, and their residual deflection was 33.6 mm and 28.5 mm,
respectively. It should be noted that the residual deflection of Beam B-C-Steel recovered only slightly

from the maximum deflection, which was due to reaching yielding strength of steel reinforcements.
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Therefore, the use of steel bars as compression reinforcement could mitigate possible splitting damage

of BFRP reinforcements for concrete beams subjected to impact loads.
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Fig. 24 Numerical results of beams with different compression reinforcement type: (a) effective

plastic strain contours and (b) midspan deflection time histories

7. Conclusion

This study investigated the shear behaviour of GPC beams reinforced with BFRP bars under static

and impact loads. Based on the test and numerical results, the following conclusions are drawn:
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1. The beams under static loads failed in shear by diagonal tension as expected. The normalized load-
midspan deflection curves of the beams exhibited bilinear behaviour, i.e., a steep linear portion

representing the uncracked stage and a reduced-slope portion until the failure of the beams.

2. The shear capacities of the GPC beams reinforced with BFPR bars under static loads could be well
predicted by Standard CSA S806-12 [18] with the average ratio of prediction to testing results of 0.94
whereas Standard ACI 440.1R-15 [19] gave more conservative prediction with the average ratio of 0.61.
This could be because ACI 440.1R-15 [19] usually gives more conservative prediction by considering
the effect of axial stiffness of tension BFRP bars on the shear contribution of concrete as compared to

CSA S806-12 [18].

3. The GPC beams reinforced with BFRP bars under impact loads experienced severer concrete
damage and splitting damage of top longitudinal BFRP bars, but less flexural cracks as compared to
those under static loads. The splitting damage of top longitudinal BFRP bars under impact loads could

lead to severer concrete damage and large midspan deflection of beams.

4. As compared to rectangular stirrups, spiral stirrups with the same stirrup ratio demonstrated
superior performance and led to higher normalized shear capacity of the beams under static loads and
smaller maximum and residual deflection of the beams under impact loads, which is attributed to the

longitudinal confinement provided by the spiral stirrups.

5. The GPC material could be simulated in LS-DYNA by using KCC model with the modified
parameters based on GPC material test data. The numerical predictions of the behaviours of the GPC

beams reinforced with BFRP bars were in good agreement with the test results.

6. Numerical simulation indicated that decreasing the GPC compressive strength from 47 MPa to 27
MPa could result in severer damage of the beam. Increasing the GPC compressive strength from 47
MPa to 67 MPa was not necessarily beneficial to the impact resistance of the beam as it could lead to
more concentrated concrete damage, resulting in severer splitting damage of compression BFRP bars,

and larger residual deflection.
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7. Increasing the tension reinforcement ratio and stirrup ratio could effectively reduce the concrete
damage level and the midspan deflection of the beam. The use of steel bars as compression
reinforcement of GPC beams could mitigate possible splitting damage of BFRP reinforcements

subjected to impact loads because of the higher compression and shear strength of steel bars.
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