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A B S T R A C T

This study investigates the seismic performances of a precast bridge made of geopolymer concrete (GPC) with 
fibre-reinforced polymer (FRP) reinforcements subjected to cross-fault ground motions. A numerical model was 
developed and verified against experimental results from a previous study and then used to evaluate the bridge’s 
performances under earthquake excitations. The study found that a simplified model was able to reliably capture 
the failure pattern and displacement response of the bridge, reducing simulation time significantly. Additionally, 
the numerical results indicated the combination of torsional and flexural cracks was the primarily damage mode 
of the columns, which was not observed in the experimental test. This study also revealed that while the per
formances of the bridge using ordinary Portland cement (OPC) and GPC were similar under low ground exci
tations, GPC columns were more susceptible to brittle failure under higher ground excitations due to their 
brittleness. The use of FRP reinforcements led to similar displacement response as steel reinforcements under low 
ground displacement excitation, although severe flexural and shear damages on the column of Bent 2 were 
observed due to the lower elastic modulus and shear resistance of Basalt FRP material than steel. To address the 
disadvantages of brittle GPC and low-modulus of basalt FRP reinforcements, it is suggested to reinforce GPC with 
fibres and/or increase stirrup ratios if green GPC and corrosion-resistant basalt FRP reinforcements are used to 
construct bridges for seismic resistance.

1. Introduction

The application of precast bridge structures has been increasingly 
becoming popular in modern bridge construction due to various benefits 
offered by Accelerated Bridge Construction (ABC) techniques. These 
benefits include a significant reduction in on-site construction time 
compared to conventional cast-in-situ monolithic bridges, as beams and 
columns are cast in a factory and then transported to the construction 
site for assembly. This method also minimises traffic interruptions, 
mitigates safety risks and environmental consequences on the con
struction site, and allows for effective quality control of components 
fabrication in the factory. Precast structures also make the effective 

application of new materials such as geopolymer concrete (GPC) and 
fibre-reinforced concrete (FRC) easier because of better-controlled 
mixing and curing conditions. In addition, precast structures offer easy 
replacement of damaged components during their service life, making 
them an attractive option for investors and users.

Despite numerous advantages of ABC techniques, their application 
has been limited mainly to low seismicity regions due to a lack of 
knowledge regarding the seismic performances of precast bridges under 
earthquake loads. This is partly due to the high cost of conducting ex
periments, the limitations of available equipment and software, and the 
insufficient experimental data available for calibrating the numerical 
models. Most of the current experimental studies of prefabricated bridge 
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structures focused on small-scale structural components, i.e., beams and 
columns. For instance, Li and Bi [1] experimentally investigated the 
seismic performances of segmental columns using shaking table tests 
under bidirectional ground motions with different peak ground accel
erations. The experimental results revealed that the segmental columns 
were significantly twisted under bidirectional ground motions. Other 
previous studies [2–4] demonstrated that the energy absorption of 
precast segmental columns was lower than that of conventional mono
lithic columns because plastic hinges did not form on the segmental 
column under earthquake excitations. Owing to the joint opening be
tween segments, precast segmental columns are susceptible to concrete 
spalling at the segment toes, which results in the main form of damage 
and differs from the normal flexural and shear damage observed in 
monolithic columns [3,5,6]. To mitigate this damage potential, various 
studies proposed solutions to improve the energy absorption and dissi
pation in segmental columns, as well as enhancing the segment strength 
such as the application of FRP jackets [7], energy dissipation (ED) de
vices [3,8], fibre-reinforced concrete (FRC) [9,10], and the use of 
ultra-high performance concrete [11,12].

Only a few studies [4,13–17] have conducted experiments and nu
merical simulations on a bridge structure, as a result, there is a lack of 
understanding about the seismic behaviours of the whole bridge. This is 
in contrast to the huge number of studies investigating the seismic 
behaviour of a single column or a single beam [18–21]. Sideris and Aref 
[13] and Sideris and Aref [14] proposed and investigated the seismic 
performances of a new precast bridge system including a segmental 
box-girder superstructure and two segmental piers. The segments were 
connected by unbonded tendons and rock joints. The experimental re
sults indicated that the proposed precast bridge exhibited good seismic 
performances and ED characteristics. Specifically, the joint sliding and 
joint rocking mechanisms, along with the prestressing force in the 
unbonded tendons, contributed to the excellent self-centring capacity of 
the superstructure and enhanced ED in the columns. Johnson and Ranf 
[15] carried out shaking table tests on a quarter-scale two-span precast 
bridge to investigate the effects of incoherent motion and stiffness ir
regularities. The study found that the motion incoherency caused rota
tional displacement due to asymmetric modes, while displacement of 
the centre of mass was not affected by the motion incoherency. Subse
quently, Choi [22] investigated the seismic behaviour of the same pre
cast bridge tested by [23], but with a different focus on the effects of 
fault rupture excitations. Both these studies reported different failure 
modes due to various excitations, e.g., severe damage observed in Bent 3 
by Johnson and. Ranf [15] and major damage reported in Bent 2 by Choi 
[22]. These findings highlight the need for further investigation into the 
bridge performances under various seismic input scenarios.

Several strong earthquakes, e.g., Northridge (1994), Hyogo-ken 
Nanbu (1995), Kocaeli (1999), Duzce (1999) and Chi-Chi (1999) 
earthquakes, showed that the effects of the motions from the near-fault 
(N-F) and far-field (F-F) on structural performances could be very 
different [4,24]. Specifically, the N-F motions exhibit a stronger and 
longer-period velocity pulse than the F-F motions. As a result, structures 
subjected to N-F motions are more likely to suffer severe damage than 
those subjected to F-F motions.

To minimise damage and increase the ductility of structures under N- 
F motions, several studies have been carried out recently. N. Abra
hamson [25] revealed that rupture direction is a critical factor that af
fects motion in the N-F location. For instance, when the rupture 
direction goes toward a site, only a strong pulse may occur in N-F ground 
motions. Other studies [13,14,26] also investigated the effects of N-F 
and F-F ground motion on structures using experiments and numerical 
simulations. These studies concluded that N-F ground motions result in 
larger deformation, particularly in the vertical direction, compared to 
F-F ground motions. Additionally, N-F ground motions typically consist 
of two main components: significant velocity pulses and permanent 
ground displacement, which do not exist in F-F ground motions. It is 
noted that forward-directivity (F-D) effects usually cause significant 

velocity pulses whereas fling-step (F-St) effects induce prominent per
manent ground deformation [4].

During an earthquake, the relative movement of the two sides of the 
fault can induce permanent ground displacements. The effects of fault 
rupture can cause bridge collapse, as seen in several earthquakes such as 
the 2008 Wenchuan Earthquake in China, the 1999 Chi-Chi Earthquake 
in Taiwan, and the 1999 Kocaeli Earthquake and Duzce Earthquake in 
Turkey [16]. However, there is still a lack of studies investigating the 
specific effects of fault rupture on whole bridges. A few studies [16,27, 
28] have investigated the effects of fault rupture on bridges. Saiidi and 
Vosooghi [16] and Choi [22] experimentally examined the impact of 
fault rupture on two-span precast bridges. The results revealed that the 
fault rupture caused local damage on the bridge and torsion cracks on 
the two end bents. OpenSees (Open System for Earthquake Engineering 
Simulation) was also used to estimate the bridge’s seismic behaviour 
during fault rupture. However, this software has some disadvantages, 
such as its inability to predict bridge failure and calculate element stress 
and strain accurately. Therefore, it is challenging to unveil the phe
nomenon and confirm the failure mode based solely on observations 
during testing. To address this research gap and gain more insights of the 
bridge’s behaviour during fault rupture, developing a three-dimensional 
(3D) finite element model using another programming is highly sought.

On the other hand, greenhouse gas emissions from producing ordi
nary Portland cement (OPC) contribute significantly to climate change, 
an alarming global issue. The production of OPC involves an energy- 
intensive process of calcining limestone and sintering ground mate
rials to produce clinker, which requires burning of fossil fuels and re
leases substantial amounts of CO2 into the atmosphere. If OPC is not 
replaced by other sustainable alternatives, it is predicted that annual 
CO2 emissions from the global cement industry might reach 2.34 billion 
tons by 2050 [29,30]. Accordingly, GPC is a good substitute and is 
considered a “green” and “sustainable” material since it utilises indus
trial wastes, e.g., fly ash and slag, to create a new binder [31–33]. Slag is 
a residue left over after the refining of a targeted metal from its raw ore, 
while fly ash is a by-product collected from coal-fired power plants. 
Therefore, if GPC fully replaces OPC, it would significantly reduce CO2 
emissions released into the atmosphere [34] and promote the recycling 
of industrial waste to minimise environmental impacts. In addition, 
many studies indicated GPC has excellent acid resistance [35], good 
bond strength with reinforcements [36], and high flexural strength [37]. 
Another study [32] also demonstrated through experimental testing that 
the performances of GPC joints are equivalent to those of OPC joints. All 
the above indicated that GPC can successfully replace OPC. The use of 
GPC recycles industrial waste and reduces carbon footprint while still 
satisfying the structural requirements.

Another challenge associated with the application of ABC techniques 
in practice is corrosion of steel-reinforced components which can lead to 
bridge deterioration and require high maintenance costs. In the United 
States, for example, it was reported that between 1998 and 2017, the 
cost of maintaining and strengthening bridges due to corrosion-related 
issues reached $5.8 billion and $10.6 billion, respectively [38]. In 
fact, repairing and maintaining damaged members could sometimes cost 
twice as much as the original construction cost [39,40]. To address the 
costly corrosion issue in precast bridge construction, FRP materials can 
be utilised due to their desirable properties such as excellent corrosion 
resistance, lightweight, easy implementation, fatigue resistance, and 
high strength [41–44]. However, little research has been conducted to 
investigate the use of FRP materials in precast bridges on a large scale. 
Addressing this research gap could facilitate the wider application of this 
advanced material in bridge construction.

Considering all the limitations and research gaps discussed above, 
this study aims to investigate the seismic response of a precast bridge 
made of GPC and FRP reinforcements subjected to cross-fault and near- 
fault ground motions, with a focus on fault rupture and fling step effects, 
using numerical models developed in LS-DYNA. Due to the unavail
ability of relevant experimental data, the developed numerical model is 
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validated using the experimental data reported by Choi [22], which used 
steel reinforcements and OPC instead of GPC and FRP reinforcement. 
Once validated, the steel and OPC material models are replaced by 
Basalt FRP (BFRP) and GPC material models, respectively, to investigate 
the performances of bridge models using new advanced sustainable and 
durable materials. The constitutive models for these two materials have 
been verified in our previous studies and were proven to yield reliable 
predictions [45–49]. Two new precast bridge models with BFRP re
inforcements and GPC are developed based on the validated model. The 

failure mode, displacement time histories, and stress-strain curve of the 
precast bridge with BFRP reinforcements and GPC were investigated.

2. Bridge design and construction

The adopted experimental study for validating the numerical model 
was a 1/4-scaled two-span precast reinforced-concrete bridge tested 
under cross-fault ground motion using the multiple shake table system at 
the University of Nevada, Reno (see Figs. 1 and 2) [22]. The precast 
bridge included three bents, namely Bent 1 on the left; Bent 2 in the 
middle; and Bent 3 on the right. Each bent consisted of a footing at the 
bottom, two circular columns in the middle, and a cap on the top. The 
total length of the bridge model in the longitudinal direction (X) was 20, 
480 mm and the total heights of Bent 1, Bent 2, and Bent 3 in the vertical 
direction (Y) were 2661 mm, 3278 mm, and 2668 mm, respectively. It is 
noted that the precast bridge model was tested under spatially varying 
excitations in the transverse Z-direction. Details of the precast bridge, 
materials, and test procedure are presented in the following sections.

2.1. Details of the precast bridge

The columns in Bents 1, 2, and 3 were designed to be fixed on the top 
surfaces of the foundations and rigidly connected to the caps. The 
diameter of all the columns was identical as 305 mm whereas the length 
of the column on each bent varied. The length of the columns on Bent 1, 
Bent 2, and Bent 3 was 1520, 2440, and 1830 mm, respectively. The 
design of the columns was based on various standards [50–54]. Each 

Fig. 1. Position of the bridge model in the multiple-span bridge.

Fig. 2. The bridge model on the shaking table test [22].

Fig. 3. 3D view of the bridge model (all dimensions are in mm).
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span consisted of three precast girders, connected together longitudi
nally by nine 13-mm tendons in each of the three ducts and transversely 
by five 32-mm threaded rods in each span. The tendons and threaded 
rods were prestressed at 3069 kN and 4450 kN, respectively. The 
application of the tendons and threaded rods was to ensure that the 
superstructure was formed as continuous with the same stiffness prop
erties as multicell box girder superstructures.

The caps on the top of the bents were designed as standalone com
ponents. The objective of the shake table test was to investigate the 
nonlinear bridge response on the column so the strength and stiffness of 
the cap were designed to make sure that no cap failure occurred during 
the test. The dimensions of the cap are indicated in Fig. 3. The girder was 
specifically designed to remain in elastic during earthquake excitations. 
Its dimensions were 2,290-mm width, 360-mm depth, and 8,230-mm 
length. The girders combined with the caps on the bents form the 
bridge model. The beam-column joints were designed based on recom
mendations by California_Department_of_Transportation [53]. To 
ensure that the joints in the bridge model did not fail during the test, the 
reinforcements in the joint areas were designed to satisfy the re
quirements of shear resistance and joint force transfer. More details 
about the reinforcements and dimensions of the caps, girders, and joints 
can be found in Fig. 4 and the previous studies [22,23]. For the super
structure masses, owing to the scale effects, the axial stress in the col
umns of the prototype was lower than that of the original bridge. Hence, 
it was necessary to add the mass on the top of superstructures (i.e., caps 
and girders). The additional masses, which satisfied the requirements of 
the axial load index, were 54.4 tons of concrete blocks and 26.4 tons of 
steel blocks as indicated in Fig. 3. It is noted that the foundations in the 
precast bridge were not the focus of the investigation in this study so 
they were designed as per ACI 318–19 [54] to avoid any damage during 
testing. The foundation design for Bent 2 and Bent 3 was the same, while 
the columns on Bent 3 were shorter than those on Bent 2. To compensate 

for this difference, a spacer block with a height of 610 mm was added 
under the foundation of Bent 3. Additionally, another spacer block with 
a height of 617 mm was added under Bent 1 for installing the bridge 
model on the multiple shaking tables.

2.2. Material properties

The foundations, columns, and caps were cast separately in 3 stages. 
The compressive strength of concrete of the foundations, columns, and 
caps/girders on the test day was 45.5, 44.6, and 35.7 MPa, respectively, 
which was different due to different concrete batches. Three 9.5-mm 
steel bars and three 4.8-mm steel wires were tested. The mechanical 
properties of steel materials are tabulated in Table 1.

2.3. Test procedure

The low amplitude spatially varying ground displacements as illus
trated in Fig. 5 were input to the shaking tables to determine the initial 
performance of the bridge. Afterwards, the ground displacement 
amplitude was gradually increased until failure occurred or reaching the 
displacement capacity of the shaking table. The tests were stopped after 
Test 6 as one of the shake tables reached its maximum displacement 
capacity of 356 mm. However, the numerical simulation in this study 
was conducted until Test 2 for verification due to the following reasons: 
(1) the previous study [22] did not provide sufficient input data from 
Tests 3–6, which makes the reliable model verification not possible, and 
(2) damage was observed on the bridge after Test 2. Hence, although the 
numerical model was validated at 0.25 peak ground displacement (PGD) 
(Test 1) and 1 PGD (Test 2), which covered the elastic and nonlinear 
inelastic responses and damage of the bridge model, they are therefore 
considered sufficient for model validation. Table 2 summarises the plan 
of running two numerical tests using LS-DYNA. The precast bridge 
model was subjected to multiple excitations in the transverse Z-direction 
(see Figs. 3 or 7). The input data of the three different ground 
displacement time histories to the three bents are shown in Fig. 5.

3. Numerical models of the precast bridge

LS-DYNA code was utilised to develop 3D finite element models of 
the precast bridge with steel/BFRP reinforcements and OPC/GPC. The 
experimental results from the previous study by Choi [22] were used to 
verify the numerical model. After validation, analyses were conducted 

Fig. 4. Details of steel reinforcements.

Table 1 
Steel reinforcement properties.

Nominal diameter fy εs fu εu

(mm) (MPa) (MPa)

9.5 468 0.00234 692 0.19
4.8 385 0.00192 492 0.13

Note: fy and fu= yield strength and rupture strength of steel reinforcement.
εs and εu = yield strain and rupture strain of steel reinforcement.
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to investigate the performances of the precast bridge made of GPC and 
FRP materials subjected to cross-fault earthquake excitations. In addi
tion, the numerical results were used to examine some phenomena 
which could not be explained based on the experimental results.

3.1. Element properties and contact mechanism

The element types, mesh sizes, contact mechanisms, and method to 
apply prestressing forces for the tendons and threaded rods are 

presented in this section. The shape of bridge models is shown in Fig. 7.

3.1.1. Element types
Constant stress solid 8-node elements were used to simulate con

crete, steel blocks, and steel plates in the numerical models. Meanwhile, 
steel and BFRP reinforcements (i.e., longitudinal reinforcements and 
stirrups) were modelled by Hughes-Liu two-node beam elements with 
2 × 2 Gauss quadrature integration. A mesh convergence test on various 
mesh sizes (40, 50, 80, 100, and 120 mm) was conducted to determine 
the optimal mesh size with acceptable predictions and reasonable 
computation time (see Fig. 6). 80-mm mesh size was considered for the 
critical parts such as columns, foundations, caps, and spacer blocks 
while a big mesh size of 300 mm was chosen for concrete blocks, steel 
blocks, and girders. The mesh size of reinforcements was chosen as the 
same as crucial parts of 80 mm to ensure good bonding between re
inforcements and concrete. The tendon and threaded rods originally 
were modelled by constant stress 8-node solid element and Hughes-Liu 
two-node beam element, respectively. However, the simulation time 
was too long, up to one month to run a case of the bridge model while 
they were not the primary focus. Hence, the prestressing forces on 

Fig. 5. Spatially varying ground displacement (a) and acceleration (b) inputs in the Z-direction.

Table 2 
Plan of running the numerical model on LS-DYNA.

Test No. Input excitations Name of bent PGD in Z direction 
(mm)

1 0.25 × PGD Bent 1 − 33.0
Bent 2 − 23.6
Bent 3 23.4

2 1 × PGD Bent 1 − 130.1
Bent 2 − 94.5
Bent 3 96.8

Fig. 6. Typical mesh sensitivity analysis for Bent 2.
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Fig. 7. Details of mesh size and contact mechanism.

Table 3 
Key parameters of the modified 45 MPa GPC material model.

MID RO PR

18 2.351e− 09 0.19 ​ ​
FT AO A1 A2 B1 OMEGA A1F ​
3.8050001 13.302 0.4463 0.001796 0.6 0.5 0.3334 ​
Slambda NOUT EDROP RSIZE UCF LCRATE LOCWIDTH NPTS
100 2 1 0.03937 145 11 30 0.0
Lambda1 Lambda2 Lambda3 Lambda4 Lambda5 Lambda6 Lambda7 Lambda8
0 8e− 06 2.4e− 05 4e− 05 5.6e− 05 7.2e− 05 8.8e− 05 3.2e− 04
Lambda9 Lambda10 Lambda11 Lambda12 Lambda13 B3 A0Y A1Y
5.2e− 04 5.7e− 04 1 10 1e+ 10 1.15 10.675 0.625
eta1 eta2 eta3 eta4 eta5 eta6 eta7 eta8
0 0.85 0.97 0.99 1 0.99 0.97 0.5
eta9 eta10 eta11 eta12 eta13 B2 A2F A2Y
0.1 0 0 0 0 1.35 0.002628 0.005722

EOSID GAMA EO VO
1 0.0 0.0 1
EV1 EV2 EV3 EV4 EV5
0.0 − 0.0015 − 0.0043 − 0.0101 − 0.0305
EV6 EV7 EV8 EV9 EV10
− 0.0513 − 0.0726 − 0.0943 − 0.174 − 0.208
C1 C2 C3 C4 C5
0.0 25.609541 55.827271 89.636803 170.30440
C6 C7 C8 C9 C10
256.87140 364.43280 557.53113 3255.0410 49,785,991
T1 T2 T3 T4 T5
0.0 0.0 0.0 0.0 0.0
T6 T7 T8 T9 T10
0.0 0.0 0.0 0.0 0.0
K1 K2 K3 K4 K5
1.707E+ 04 1.707E+ 04 1.731E+ 04 1.818E+ 04 2.163E+ 04
K6 K7 K8 K9 K10
2.509E+ 04 2.854E+ 04 3.116E+ 04 7.010E+ 04 8.536E+ 04

Note: RO= Mass density.
PR= Poisson’s ratio.
FT= Relative tensile strength.
RSIZE= Length unit conversion factor.
UCF= Tress unit conversion factor.
Other parameters are provided found in the LS-DYNA materials Manual.
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tendons and threaded rods were replaced by applying pressure on the 
steel plates. With this simplification, the simulation time was signifi
cantly reduced from one month to a week. The above simplification may 
compromise the prediction accuracy, especially in the local areas near 
the posttension tendons, but the numerical results of the global bridge 
responses later show acceptable predictions compared to the testing 
results.

3.1.2. Contact mechanisms and boundary conditions
The reinforcements (slave beam elements) were embedded into 

concrete (master solid elements) by the coupling-constrained method 
[48,55]. The keyword *CONSTRAINED_BEAM_IN_SOLID was used for 
the above method. The keyword *CON
TACT_AUTOMATIC_SURFACE_TO_SURFACE was employed for contact 
interfaces between the girders and caps, steel plates and caps/girders. 
The coefficient of friction of 0.6 was adopted for the contact between the 
girders and caps while those for the contact between steel plates and 
caps/girders were 0.6 and 0.5, respectively [56]. In addition, based on 
the information from the previous study [22], the translational 
constraint in X and Y directions was applied to the bottom surfaces of the 
foundation (Bent 2) and spacer blocks (Bents 1 and 3). Meanwhile, no 
translational constraint was adopted to the Z direction so that the input 
ground displacement time histories can be applied to this direction only. 
The keyword *BOUNDARY_PRESCRIBED_MOTION_SET was used to 
apply the ground motion.

3.2. Material model

3.2.1. Material model of OPC and GPC
The constitutive models in LS-DYNA are very abundant and suitable 

for investigating structural responses subjected to various loading con
ditions such as seismic, static, impact and blast loads. Some material 
models could be used for modelling concrete subjected to earthquake 
excitations in LS-DYNA such as *MAT_CONCRETE_DAMAGE 
(MAT_072), *MAT PSEUDO TENSOR (MAT_016), *MAT CONCRETE 
DAMAGE REL3 (MAT_072R3). Among various concrete material 
models, this study adopted MAT_072R3 material model to simulate the 
behaviour of conventional concrete in terms of shear damage, strain rate 
effect, plasticity, and strain softening. The accuracy of MAT_072R3 in 
predicting the structural behaviour under earthquake has been verified 
in previous studies [17,57]. However, the MAT_072R3 also has a 
disadvantage of not showing the crack formation and crack propagation 
in detail. It is because the MAT_072R3 predicts the material damage 
based on the continuum damage mechanics, not crack details as fracture 
mechanics [55]. Hence, MAT_072R3 can only predict the damaged lo
cations but not crack patterns.

Regarding the GPC material model, this study adopts the modified 
MAT_072R3 model for GPC material in the previous studies [45–47]. It 
is noted that this modified material model for GPC was verified under 
many loading conditions, e.g., by Huang and Chen [47], Tran and Pham 
[58] and Huang and Chen [46] under static and impact loads and Li and 
Bi [45] under seismic loads. The results of the previous studies [45–47]
indicated that the modified model for GPC material could reliably 

Fig. 8. Comparisons between numerical simulation and test data.
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capture the failure mode and dynamic response time histories of GPC 
structures. It indicates that the modified GPC material model is valid and 
reliable. Some assumptions have been adopted when deriving GPC 
material model. For example, given that OPC and GPC exhibit similar 
yield and peak compressive strengths, most parameters were kept at 
their default values. However, since the parameters a1r and b1 depend on 
the residual strength and the damage evolution of concrete, respectively, 
they significantly influence the concrete’s softening behaviour under 
compression. Consequently, adjustments to these two parameters, a1r 
and b1, are necessary. The main modification parameters of 45 MPa GPC 
are summarised in Table 3. For brevity, the detailed information of the 

modified GPC model is not repeated herein.

3.2.2. Steel and BFRP material models
An elastic-plastic material model using the keyword *MAT_PLAS

TIC_KINEMATIC (MAT_003) was utilised for both steel and FRP re
inforcements. It should be noted that FRP material shows brittle failure 
and does not experience plastic deformation. In this study, for 
simplicity, the same material model MAT_003 was adopted to model 
both FRP and steel with their respective modulus and the yield stress of 
FRP was specified as 1200 MPa, the same as its ultimate strength. With 
this specification, the FRP reinforcements had only elastic performances 
during numerical simulation [56]. An elastic material model with the 
keyword *MAT_ELASTIC (MAT_001) was used for steel plates and steel 
blocks. It is noted that the elastic material model MAT_001 was also 
utilised for the foundation, girder, cap and concrete blocks because these 
components were designed so that no failure occurred during the test.

3.3. Model validation

Simulating the performances of the considered bridge models using 
LS-DYNA, including local damage, is a challenging task due to the large 
number of elements involved. It can take up to a month to run a single 
case if all details of the experimental model are adopted without 
simplification. To overcome this issue, a simplified model was devel
oped in LS-DYNA in which the tendons, threaded rods, and holes were 
not modelled in detail while their functions were equivalently modelled 
to obtain reliable predictions of the bridge structure. In the numerical 
model the tendons and thread rods were not included, but the equivalent 
pressure they imposed on concrete were considered, resulting in a more 
computationally efficient simulation. The simulations were carried out 
continuously using the spatially varying ground displacements as illus
trated in Fig. 5 as inputs. Test 1 (0.25 PGD) was conducted from 0 to 15 s 
(s) whereas Test 2 (1 PGD) was conducted from 15 to 30 s as in the 
laboratory tests. To evaluate the accuracy of the numerical model, the 
simulation results were compared with the experimental results 

Fig. 9. Comparisons of failure patterns between numerical simulation and experiment. Note: the black and green dashed rectangles indicate the comparison of the 
damaged areas between numerical and experimental results, with respect to the diameter of the column, D.

Fig. 10. Shear stress at the critical section: The column top and bottom 
(Unit: MPa).
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regarding the failure mode and displacement time histories.

3.3.1. Displacement time history
Fig. 8 illustrates the comparisons between the displacement time 

histories obtained from the numerical simulation and the test results. It 
was found that the numerical simulation can successfully replicate the 

experimental tests in terms of the response trend. Differences in the peak 
and residual displacements between experimental and numerical results 
were observed. For example, a minor variation of the peak and residual 
displacements was recorded on Bent 2 and Bent 3 from 0 to 15 s, but this 
difference increased to about 9.5 % from 15 to 30 s. These observations 
indicate the numerical model can well predict the elastic responses of 

Fig. 11. Comparison of displacement and plastic deformation between OPC and GPC.
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the bridge when the excitation intensity is small, but has some errors 
when plastic deformation and damage occur in the bridge structural 
components when subjected to large ground excitations. This is because 
of the simplification in modelling the posttensioning tendons and 
threaded rods as described above. Under strong ground excitations, 
concrete damage is likely to initiate at weak sections and locations with 
stress concentration owing to the application of posttensioning forces. 
These were not captured by the simplified modelling approach in this 
study as it equivalates the posttensioning forces and apply them uni
formly on the concrete. Other possibilities that might induce these dis
crepancies also include inevitable variations in material properties and 
observed slip of spacer which is further discussed. Nonetheless, the 
differences are less than 10 %, which is acceptable considering such a 

large numerical model. It is obvious that the numerical residual 
displacement in the initial stage (0–15 s) of Bent 1 was higher than the 
experimental results. This is because there was a slip between the spacer 
and the shaking table in the test as stated in [1] but it was not modelled 
in the simulation. The spacer was bolted to the shaking table to 
accommodate the elevation difference of the multiple bridge supports in 
the shaking table tests. Slip was observed in the test but the actual slip 
data was not provided in [1]. It is noted that the relative displacement 
was calculated as the difference between the top and bottom displace
ments. Hence, the presence of slip resulted in lower peak and residual 
displacements in the experimental results compared to the numerical 
results without slip. Especially, the effect of slip on the relative 
displacement was particularly prominent in Bent 1, which had the 

Fig. 12. Effective stress of steel reinforcements in Bents 1 and 3 (unit: MPa). Note: maximum tensile stress on the reinforcement is 287.2 MPa.

Table 4 
Parameters of the material models.

Parts Material models in LS-DYNA Parameters Values Units

Concrete 
(Column)

072R3-CONCRETE_DAMAGE_REL3 RO (Mass density) 2400 kg/m3-
PR (Poisson’s ratio) 0.2 MPa-
A0 (Compressive strength) 45 -
RSIZE (Length unit conversion factor) 0.03937 ​
UCF (Stress unit conversion factor) 145 ​

GPC (Column) ​ SeeTable 3 SeeTable 3 -
Steel Rebars 003-PLASTIC_KINEMATIC Mass density 7800 kg/m3

Young’s modulus 
Poisson’s ratio 
Yield stress 
ETAN (Tangent modulus)

200 
0.3 
468 
1000

GPa 
- 
MPa 
-

Stirrups on column 003-PLASTIC_KINEMATIC Mass density ​ kg/m3

Young’s modulus 
Poisson’s ratio 
Yield stress 
ETAN (Tangent modulus)

7800 
200 
0.3 
385 
1000

GPa 
- 
MPa 
-

BFRP rebars 003-PLASTIC_KINEMATIC Mass density 
Young’s modulus 
Poisson’s ratio 
Ultimate strength 
ETAN (Tangent modulus)

2000 
55 
0.25 
1200 
-

kg/m3 

GPa 
- 
MPa 
-

Foundations, girders, cap, concrete block 001-ELASTIC Mass density ​ kg/m3

Young’s modulus 
Poisson’s ratio

2400 
30.8 
0.2

GPa 
-

Steel plates, steel blocks 001-ELASTIC Mass density ​ kg/m3

Young’s modulus 
Poisson’s ratio

7800 
200 
0.3

GPa 
-

Notes: ‘-‘ means not applicable.
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lowest residual displacement (1.28 mm) compared to Bent 2 
(− 13.75 mm) and Bent 3 (4.2 mm) during the first 15 s. This is because 
when the bridge response is large, the existence of foundation slip be
comes less prominent.

3.3.2. Failure modes
In general, the concrete damage contour (i.e., effective plastic strain) 

from the numerical simulations agreed well with the observed concrete 
cracks on the columns of Bents 1–3 in the experiment. Specifically, the 
numerical model successfully predicted the flexural damage observed on 
the columns of Bent 2. In Fig. 9 (Bent 2), the numerical model displayed 
red contour at the top and bottom of the column, which was consistent 
with the observed flexural damage during the experiment. To prove that 
the damage on the columns of Bent 2 was primarily governed by bending 
moment, a P-M interaction curve was derived according to details of the 
cross-section of column, reinforcements, and mechanical properties of 
steel and concrete. The numerical results revealed that the bending 
moments at the top and bottom of the column of Bent 2 exceeded the 
estimated flexural capacity of the columns based on the P-M interaction 
curve. In particular, the estimated bending moment capacity of the 
column was 83.4 kN.m, whereas the maximum bending moment at the 
column top of Bent 2 was 90.3 kN.m while the actual shear force did not 
reach its estimated shear capacity yet. Hence, it can be concluded that 
the damage on the column of Bent 2 was mainly caused by the large 
bending moment with flexural cracks, the same conclusion was also 
given in the previous study based on experimental observations [22].

Meanwhile, a combination of bending and torsional moments caused 

damage to the column of Bents 1 and 3. The numerical model showed 
that the bending moment on these columns reached the bending 
moment capacity of the column, i.e., 83.4 kN.m. In addition, the cross- 
section of the columns and the stirrup areas in these columns were not 
sufficient to resist the torsional moment. For instance, the required 
stirrup area was 93 mm2/mm according to ACI 318–19 [54] whereas the 
actual area of the stirrup in the column was only 1.3 mm2/mm. Hence, 
the numerical simulation results demonstrated that torsional and flex
ural cracks governed the main damage of the column on Bents 1 and 3. 
This finding aligns with the conclusion for Bent 3 but differs from the 
conclusion for Bent 1 in the previous study [16]. For Bent 1, only 
torsional cracks were reported in the experiment. This is because these 
flexural cracks were small, so they may have been assumed to be 
torsional cracks. This highlights a limitation of relying solely on visual 
observations in experiments. In addition, the stress states within con
crete joints are complex. Determining the exact cause of damage can be 
challenging. Numerical simulations offer a convenient way to examine 
these stress states. As a result, this current study helps to clarify the 
observations made in the test. It is noted that the difference in damage 
between Bents 1,3 and Bent 2 was attributed to several factors, including 
different input data for each bent and differences in column lengths. 
Specifically, the column lengths of Bents 1 and 3 were 1525 and 
1835 mm, respectively, whereas that of Bent 2 was 2442 mm, as 
described above.

To assess whether the columns had sustained shear damage, the 
maximum shear stress at the critical sections on the columns of Bents 1, 
2, and 3 was plotted and compared with the nominal shear strength of 

Fig. 13. Comparisons of displacements and effective plastic strain between BFRP and steel reinforcements.
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concrete. As can be seen in Fig. 10, the maximum shear stress in these 
three Bents was 2.5 MPa which was smaller than the nominal shear 
strength of concrete (3.6 MPa). Therefore, it is evident from the analyses 
that the columns in Bents 1, 2, and 3 did not suffer shear damage. The 
numerical model successfully predicted the damage patterns and was 
validated with the experimental observations.

4. Sensitivity analysis

4.1. Performances of the precast bridge under low earthquake excitations

4.1.1. Performances of bridge using GPC vs OPC
The use of GPC instead of conventional concrete (OPC) has become a 

popular trend in modern construction due to its numerous benefits, as 
outlined in the introduction. However, research investigating the per
formances of GPC bridges under earthquake excitations is still scarce. 
Consequently, the application of GPC in bridges is very limited or does 
not exist yet. To explore the possibility of using this sustainable green 
construction material in bridge construction, numerical simulations of 
the responses of a precast bridge constructed with GPC are carried out. 
This is the first study of its kind to investigate the performances of the 
GPC precast bridge, and as such, there are no existing experimental 
results of a precast bridge model cast in GPC in the literature, nor is there 
a GPC material model available for use in finite element software. To 

address these issues, this study adopts the modified OPC material model 
for GPC from the previous studies [45–47] and then applies this GPC 
material model to the verified model presented in Section 3.3. This GPC 
material model has been verified on different structures under dynamic 
loads (e.g., impact and seismic loads) so it is reliable for use in the 
precast bridge model. In the verified bridge model presented in Section 
3.3, only the OPC material model was replaced with the modified GPC 
material model while other parts remain unchanged. It should be noted 
that, to focus on the concrete material, both numerical models used steel 
reinforcements.

Fig. 11 shows the performance comparisons between the precast 
bridges made of OPC and GPC in terms of displacements and damage 
scalar (effective plastic strain). In general, the performances of OPC and 
GPC in Bents 2 and 3 were almost identical in the initial state with the 
low ground excitation (0.25 PGD). For instance, during the first 15 s of 
low ground excitation, the peak relative displacement and residual 
displacement of the OPC columns in Bent 2 were 13.2 mm and 12.6 mm, 
respectively, while the corresponding values of GPC columns were 
slightly higher at 13.8 mm and 13.1 mm, respectively. Similarly, in Bent 
3, the peak relative displacement and residual displacement of OPC 
columns were 5.2 mm and 3.9 mm, respectively, while those of GPC 
were slightly lower at 5.0 mm and 3.7 mm, respectively. Overall, the 
differences in displacement between OPC and GPC columns were mar
ginal because these bents showed elastic performances in the initial 
state, indicating comparable performance of GPC and OPC in this stage. 
This observation was also reported in previous studies on beam-column 
joints under cyclic loads [32,33].

When the input of the earthquake excitations was increased from 
0.25 PGD to 1 PGD, the GPC columns in Bents 1 and 3 exhibited higher 
peak relative displacement and residual displacement compared to their 
OPC counterparts. For instance, the residual displacements of the GPC 
columns in Bents 1 and 3 were approximately 15 % and 12 % greater 
than that of the corresponding OPC columns, respectively. This result 
can be attributed to two main reasons:

(1) Because the axial stress in reinforcements of these bents did not 
reach their yield strength (Fig. 12), concrete dominated damage of Bents 
1 and 3. Meanwhile, GPC was reported to exhibit brittle damage under 
intensive loads in previous studies [32,59]. This brittleness could cause 
more severe damage, leading to higher peak and residual displacements 
of GPC as compared to OPC. This explanation was confirmed by 
comparing the damage shown in Fig. 11. The red colour on the top and 
bottom of the GPC columns occurred earlier on Bents 1 and 3, compared 
to the OPC columns. Additionally, a darker red colour was observed on 
the GPC column, compared to the OPC column (Fig. 11).

(2) The elastic modulus of GPC (20 GPa) is significantly lower than 
that of OPC (32 GPa), estimated based on A. Noushini, F. Aslani [60] and 
ACI 318–19 [54], respectively. The lower elastic modulus resulted in a 
lower stiffness of GPC columns compared to OPC columns, leading to 
higher peak displacements of the GPC column under seismic loads. This 
phenomenon was also observed in the previous study when comparing 
the deformation of GPC vs OPC beam-column joints under cyclic loads 
[32]. Notably, despite GPC having a smaller modulus compared to OPC, 
the displacement of GPC columns under smaller excitations was either 
similar in Bents 2 and 3, or even lower than that of OPC columns in Bent 
1. This phenomenon can be attributed to the actual load on these col
umns. Although these two specimens, one using OPC and the other GPC, 
were subjected to the same excitation, the loading on each individual 
column was not identical. For instance, in Bent 1, the bending moment 
and shear force at the top of OPC columns exceeded those of the GPC 
columns by 15 % and 8.4 %, respectively. Consequently, the stiffer OPC 
columns attracted higher load, resulting in higher displacement in some 
cases (Bent 1).

To improve the ductility of GPC and mitigate displacements and 
damage levels of the GPC columns of Bents 1 and 3, incorporating fibres 
(e.g., steel and synthetic fibres) to the GPC mixture is a promising so
lution that should be considered. The effectiveness of using fibres in GPC 

Fig. 14. Different input data for the bridge model, (a) Displacement; (b) Ac
celeration [4].
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mixtures has been demonstrated on beams and beam-column joints in 
previous studies [33,59,61,62]. In contrast, the displacements of OPC 
and GPC columns in Bent 2 were similar during the first 30 s because the 
damage level of these two columns was comparable, as shown in Fig. 11
(e) and (f). The use of GPC in Bent 2 did not significantly affect the 
performances of the precast bridge under seismic loads. Therefore, it 
could be concluded that the application of GPC caused more severe 
damage compared to OPC under high earthquake excitations with the 
combination of torsion and flexural damages. Meanwhile, when sub
jected to low earthquake excitations or conditions where only flexural 
damage is predominant, the precast bridge constructed using both GPC 
and OPC exhibited similar levels of damage.

4.1.2. Performances of bridge using BFRP reinforcements
The application of FRP material in construction offers several ben

efits as previously outlined in the introduction. However, there is 
currently limited number of studies investigating the performances of 
the FRP reinforcements and posttensioning in the precast bridge in the 
literature. To address this research gap, a numerical model of a precast 
bridge was developed by replacing all the steel reinforcements and 
posttensioning tendons with the BFRP reinforcements, allowing for an 
evaluation of the performances of BFRP-reinforced precast bridges 
under seismic loads, while both numerical models used OPC for a rele
vant comparison. The mechanical properties and material model of 
BFRP reinforcements are summarised in Table 4. Fig. 13 shows a 

comparison of displacements and failure modes between BFRP and steel 
reinforcements in the column of Bent 2 and Bent 3 under earthquake 
excitations. The trends of displacement curves and failure mode of Bent 
1 and Bent 3 were similar so those of Bent 1 were not presented in Fig. 13
for brevity.

The maximum displacement and residual displacement in the col
umns of Bent 2 reinforced with either BFRP or steel reinforcements were 
almost the same at low earthquake excitation from 0 to 15 s, both 
reaching 13 mm and 11 mm, respectively. This is attributed to no severe 
damage to the columns of Bent 2 in the initial stage, where the stiffness 
of the bridge structure is dominated by the concrete modulus. Mean
while, when ground excitation input increased to 1.0PGD from 15 to 
30 s, the results indicated that the behaviours of Bent 2 with BFRP or 
steel reinforcements were significantly different. The columns with 
BFRP reinforcements showed higher peak and residual displacements 
compared to the column with steel reinforcements. For instance, in Bent 
2, the maximum displacement of the columns reinforced with BFRP 
reinforcements was 81.4 mm, compared to 77.3 mm of the columns with 
steel reinforcements.

This difference could be attributed to the damage of concrete ma
terial under high excitations, making the contribution of reinforcement 
stiffness to the overall section stiffness of the bridge structure more 
prominent. Since the modulus of BFRP is smaller than that of steel, the 
BFRP reinforced structure therefore experienced larger displacement 
responses. While BFRP bars have much higher strength than that of steel 

Fig. 15. Comparisons of displacement of the bents under different earthquake excitations.
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(1200 MPa vs 468 MPa), the modulus of BFRP bars was lower than that 
of steel bars (55 GPa vs 200 GPa). Therefore, it is not possible to achieve 
the same area, stiffness and strength of conventional steel re
inforcements with BFRP bars simultaneously. However, a BFRP- 
reinforced structure can be designed to meet desired requirements. In 
this study, BFRP bars of similar diameter as steel bars were adopted. It is 
noted that a slight difference in diameter (e.g., 10 mm vs 9.5 mm) is due 
to the availability of these materials. To ensure the effective replacement 
of steel reinforcement with BFRP reinforcement, the reinforcement ratio 
of BFRP could be carefully considered in the design process. The damage 
was initially found at the top and bottom of the columns reinforced with 
BFRP reinforcements. Afterward, more severe damage was observed in 
the column using BFRP reinforcements, compared to the column rein
forced with steel reinforcements (Fig. 13(c)). The column reinforced 
with BFRP reinforcements mainly experienced severe flexural damage.

For Bent 1 and Bent 3, the displacement of the columns reinforced 
with BFRP reinforcements was larger than that of the columns rein
forced with steel reinforcements due to higher damage level on BFRP 
columns (see Fig. 13 (e) and (f)) and lower elastic modulus of BFRP 
reinforcements compared to steel reinforcements. The elastic modulus 
of BFRP reinforcements is 55 GPa which is 3.6 times lower than that of 
steel reinforcements (200 GPa). Lower elastic modulus results in lower 
stiffness of the column, leading to higher displacement of the column of 
Bent 3 using BFRP reinforcements, especially after the damage of con
crete that reinforcements provide the primary resistance and stiffness of 
the column section.

4.2. Performances of the precast bridge under near-fault fling-step motion

The responses of the precast bridge model subjected to cross-fault 
ground excitations have been analyzed above. Its performances under 
near-fault fling-step ground excitations are examined in this section. 
Many recorded fling-step ground motions are available, in this study, 
without loss of generality, the fling-step ground motion used in Li and Bi 
[4] are used as input in the analysis. The subsequent sections will discuss 
the performances of precast bridges employing OPC, GPC, steel re
inforcements, and BFRP reinforcements subjected to fling-step ground 
excitations. Fig. 14 shows the input data for the bridge model. It is noted 
that the displacement-time histories for 0.3 PGD and 0.6 PGD were 
derived from 1 PGD in Li and Bi [4]’s study using a scale factor. The 
input data gradually increases until failure occurs (i.e., 0.3, 0.6, and 1 
PGD). It should be noted that owing to the lack of data, the input 
earthquake ground motion to the three bents was identical, i.e., the ef
fect of ground motion spatial variation was not considered.

4.2.1. Performances of the precast bridge using OPC and steel 
reinforcements

Fig. 15 shows the displacement comparisons of Bents 1, 2 and 3 
under varying earthquake excitations (i.e., 0.3, 0.6, and 1 PGD). Among 
the three bents, Bent 3 exhibited the greatest displacement. Specifically, 
under 0.6 PGD, Bent 3 reached the maximum displacement of 44 mm, 
while Bent 2 and Bent 1 recorded displacements of 32 and 20 mm, 
respectively. The discrepancy in the maximum and residual displace
ments between Bent 3 and Bent 1 can be attributed to their different 
column lengths. Bent 3 had a column length of 2020 mm, whereas Bent 

Fig. 16. Plastic deformation of the three bents under 1 PGD.
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1 had a length of 1710 mm, resulting in a higher displacement for Bent 3 
due to its longer column length.

Interestingly, despite Bent 2 having a longer column length than Bent 
3, its maximum displacement remained lower than that of Bent 3. This 
can be explained by the influence of constraint from Bents 1 and 3 on 
Bent 2. The interactions provided by the neighbouring bents limited the 
displacement of Bent 2 compared to Bent 3, thereby resulting in a lower 

displacement for Bent 2. In addition, the precast bridge experienced 
complete failure at 1 PGD. Severe damage was observed in all three 
bents as shown in Fig. 16. Flexural damage mainly governed the main 
failure mode of the columns. As a result, the column could not rebound 
back to its original position. The residual displacements of Bents 1, 2 and 
3 at 1 PGD were 64, 83, and 102 mm, respectively. Consequently, the 
bridge suffered severe damage and ultimately failed under 1 PGD 

Fig. 17. Comparisons of displacements between OPC and GPC under high earthquake excitations.

Fig. 18. Effective plastic strain of Bent 2 using OPC and GPC at 6.7 s.
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excitation. It is noted that although the residual displacement of Bent 2 
was higher than that of Bent 1, less damage was observed on the col
umns of Bent 2 compared to those of Bent 1 (see Fig. 16). This contrast 
can be attributed to the varied column lengths, resulting in a lower drift 
ratio (DR) of 3.2 % in Bent 2 in comparison to the 3.7 % drift ratio in 
Bent 1. In general, less damage is observed on the longer column even 
though its displacement is larger.

4.2.2. Performance comparisons between OPC and GPC
Fig. 17 shows the displacement comparisons of two bridges con

structed with OPC and GPC subjected to large ground excitation with 
PGD equal to 810 mm. It can be observed that the maximum positive 
displacement at 6.2 s of both specimens was nearly identical due to 
similar performances of OPC and GPC under low earthquake excitation. 
For instance, the positive peak displacement of Bent 1 using OPC and 
GPC was 74 and 73 mm, respectively. However, after reaching that peak 
at 6.2 s, brittle failure associated with more severe damage was observed 
on GPC columns, compared to OPC column (see Fig. 18). Consequently, 
the two negative peak displacements of the GPC columns exceeded those 
of the OPC columns. Specifically, the two negative peak displacements 
of GPC columns in Bent 2 were 112 mm (4.3 % DR) and 131 mm (5 % 
DR), whereas those of OPC columns were 97 mm (3.7 % DR) and 
119 mm (4.5 % DR), respectively. In addition, due to brittle failure and 
more severe damage observed in GPC columns, the residual displace
ment of all the three bents utilising GPC was higher than that of the bents 
using OPC. These findings and observations align with the results 

presented in Section 4.1.1 and are consistent with the findings from 
previous studies [32,33]. To address the brittle failure of using GPC, the 
application of different fibre types is a potential solution as discussed in 
Section 4.1.1.

4.2.3. Performances comparison between steel and BFRP reinforcements
Fig. 19 illustrates a comparison of the displacement between steel 

and BFRP columns under PGD = 810 mm. It is evident that the use of 
BFRP reinforcements results in higher peak displacements in all three 
bents compared to steel reinforcements under high PGD. For instance, 
the maximum displacement of the column in Bent 3 using BFRP re
inforcements was 203 mm, whereas the corresponding displacement 
with steel reinforcements was 116 mm. This disparity in displacement 
was attributed to lower stiffness of BFRP columns compared to column 
using steel reinforcements, as explained in Section 4.1.2.

Interestingly, despite the replacement of all steel reinforcements 
with BFRP reinforcements and the higher peak displacements observed 
in BFRP columns, no brittle failure was observed in the numerical 
specimen. The columns utilizing BFRP reinforcements exhibited ductile 
behaviour with lower residual displacement under high earthquake 
excitation. For example, the residual displacement of the BFRP column 
in Bent 2 (35 mm) was 2.4 times lower than that of the steel column 
(85 mm). This result was attributed to the fact that the axial stress in the 
steel reinforcements (583 MPa) surpassed the yield stress of the longi
tudinal reinforcements (468 MPa) after reaching the peak displacement. 
Meanwhile, the column utilizing BFRP is capable of rebounding back to 

Fig. 19. Displacements of columns with BFRP vs steel reinforcements under high earthquake excitations.
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its original position as depicted in Fig. 19. This favourable performance 
is attributed to the linear behaviour associated with high tensile strength 
of BFRP material until rupture. It is noted that although BFRP re
inforcements did not yield under the considered ground excitations, 
resulting in a small residual displacement caused by damage of concrete. 
The above observations regarding the specimen using FRP material were 
aligned with a previous study [62] where ductile behaviour with very 
low residual displacement under impact loads was observed. This 
observation clearly demonstrated the advantage of employing BFRP 
material in structures.

5. Conclusions

The performances of the precast bridge constructed with durable FRP 
reinforcements and green construction materials (GPC) were investi
gated in this study. The main findings from the numerical investigation 
can be summarized as follows:

1. As compared to a more complex model, the simplified model 
developed in this study was able to capture the failure pattern and 
displacement of the precast bridge subjected to earthquake excita
tions with significantly reduced computational cost.

2. The developed numerical model helped to explain the reported 
observation which could not be explained from experimental test, e. 
g., the combination of torsional and flexural cracks primarily gov
erned the main damage on the columns of Bent 1 and Bent 3, which 
could not be confirmed from the previous study.

3. The performances of precast bridges using ordinary Portland cement 
concrete (OPC) and geopolymer concrete (GPC) were similar under 
low ground acceleration excitations. However, under high earth
quake excitations, GPC columns exhibited brittle failure with higher 
maximum and residual displacements, compared to OPC columns.

4. The displacements of the column using BFRP and steel re
inforcements were nearly identical under low earthquake excita
tions. Nevertheless, the column reinforced with BFRP reinforcements 
showed more severe damage of concrete than the steel-reinforced 
column under high ground excitations.

5. The use of BFRP reinforcements showed higher peak displacements 
but lower residual displacements under high fling-step ground mo
tion. The BFRP column can rebound back to its original position after 
intensive earthquake excitation.

In conclusion, this is the first study of investigating the performances 
of the precast bridges using new advanced materials (i.e., GPC and BFRP 
reinforcements) subjected to cross-fault and fling-step ground excita
tions. The performances of bridges with GPC and BFRP reinforcement 
are comparable to that of bridges with conventional concrete and steel 
reinforcement under low earthquake. However, their performance 
under intensive earthquake excitations showed some different behav
iours which require attention of designers.
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