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Proposed New Dry and Hybrid Concrete Joints with GFRP Bolts and GFRP

Reinforcement under Cyclic Loading: Testing and Analysis

Tuan T. Ngo!, Thong M. Pham?*, Hong Hao*, Wensu Chen*, and Ngoc San Ha’
Abstract

This study proposes a new hybrid concrete joint using glass fibre reinforced polymer (GFRP) bolts
and reinforcements to replace steel bolts and reinforcements for corrosion damage mitigation. The
experimental results indicate that the proposed hybrid concrete joints satisfy the seismic-resistant
requirements with respect to the ductility and energy dissipation. The energy dissipation of the hybrid
concrete joint was approximately 57% higher than the reference monolithic joint. In addition, the
application of GFRP bolts and reinforcements not only avoided brittle failure during the test but also
showed excellent behaviours in terms of the drift ratio, ductility, and energy dissipation. Numerical
simulation using ABAQUS software was also carried out, which successfully captured the failure
modes, drift ratios, and peak loads of the dry, hybrid, and monolithic joints. The numerical results
proved that the common assumptions which were adopted in the proposed models of the previous
studies [1, 2] were reliable to predict the peak loads. The ratio of the thickness of the concrete-end-
plate (CEP) over the height of the beam of 1.3 was the optimal value and it can be used in CEP design

of the dry joint. Finally, the developed three-dimensional finite element (3D-FE) model verified with
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the testing data can be confidently applied in future studies to investigate the seismic performances

of the dry, hybrid, and monolithic beam-column joints using GFRP reinforcements and bolts.

Keywords: GFRP bolts; GFRP reinforcements; Ductile precast joints; Prestress bolts; Exterior dry
joints; Hybrid joints; ABAQUS.
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1. Introduction

Beam-column joints are important components in a building since they connect beams to columns
and transmit forces between these components. It was observed in many earthquakes that failures of
the beam-column joints could cause collapse of the building while no damage was observed on the
beams and columns [3-7]. To resolve this issue, a design method that shifts the failure from the beam-
column joints to the beam-ends has been proposed in previous studies. This method helps to increase
the ductility and energy dissipation (ED) and avoid brittle failure of buildings under earthquake
loading [1, 3, 8]. Numerous studies [1, 2, 8, 9] indicated that to ensure the plastic hinges only occur
at the beam-end, the beam-column joints need to be sufficiently strong to resist the shear failure within
the joint area. Therefore, it is critical to increase the shear resistance of the joint to resist seismic

loadings.

In practice, there are generally two kinds of beam-column joints, i.e., monolithic and precast joints.
For precast joints, they can be classified into three groups including wet, dry, and hybrid joints. The
hybrid joint is a type in between the wet and the dry joints. For dry and hybrid joints, beams and
columns are erected in a construction site without the requirements of formworks. For wet joints,
beams and columns are placed at designed positions using a crane, concrete needs to be filled into
gaps during the construction. Accordingly, formwork is required during the concrete filling for wet
joints while it is not required for hybrid joints. It is because the hybrid joints can resist loads even
without the filling concrete. Nowadays, the dry and hybrid joints have been increasingly applied in
many constructions considering their various advantages such as shorter construction time, reduced
construction cost, easier replacement of damaged components, more convenient application of new
materials and technologies (e.g., 3D printing, geopolymer concrete, ultra-high performance concrete

and fibre-reinforced concrete).
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Monolithic and wet joints are more commonly used because they have been more intensively studied
and show promising performances in the critical indices such as drift ratio (DR), ductility, ED and
load-carrying capacity. The application of the hybrid and dry joints has been avoided in the seismic-
prone areas owing to the lack of appropriate hybrid and dry joint types with sufficient strength and
limited knowledge about their behaviours under earthquake loading. To resolve these drawbacks,
many studies have been conducted to address this issue. Ngo, et al. [3] proposed a new dry joint using
CFRP bolts and concrete-end-plate (CEP). The proposed dry joints showed higher values in terms of
the peak load (27-61%), effective stiffness (27-55%), and ED (45-75%), compared to those of the
corresponding monolithic joint. All the precast joints in the latter study reached 3% drift ratio (DR)
which satisfied the requirements of ASCE 41-17 [10] and CSA A23.3-07 [11] for applying in seismic-
prone regions. In addition, an analytical model was proposed to predict the load-carrying capacity in
other studies [1, 2]. The variation between the experiment and the proposed analytical model was less
than 2% [1]. However, the bulky appearance of the CEP was a disadvantage of this dry joint which
needs further improvement. Alver, et al. [12] and Jin, et al. [13] investigated another dry joint using
steel tendons to connect beams and columns. These studies indicated that the shear failure primarily
governed the failure modes of the dry joint. Comparing to the dry joint using CFRP bolts and CEP
[2, 14], the dry joints using steel tendons face more challenges in erecting and replacing damaged
components because the steel tendons need to go through beams and columns. On the other hand,
numerical studies on the dry and hybrid joints under cyclic loading are very limited, most of previous
studies were based on experimental tests [15-19]. The tests, however, can only provide limited
measurements of the joint’s performance while some critical measurements could not be obtained,

e.g., stress distribution in concrete and complex stress states within the joint region.

Numerical simulation using three-dimensional finite element (3D-FE) model was applied in various
studies to investigate the structural performances. The application of numerical simulation can reduce

the experimental costs and time for manufacturing and testing specimens. There are some software
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packages which can be used to simulate the behaviours of structures under static and dynamic loading,
including ANSYS, DIANA, and ABAQUS. Nevertheless, previous numerical studies showed
considerable variations between experimental and numerical results. Kaya and Arslan [20] used
ANSYS to simulate the post-tensioned precast beam-column joints using steel tendons under various
prestress levels. A large difference in stiffness between experiment and numerical simulation was
observed in the study. Also, the hysteretic curves of the numerical simulation were not presented in
the previous study [20]. Alaee and Li [21] used DIANA to investigate structural responses of
monolithic joints using high-strength concrete and high-strength reinforcements. The 3D-FE model
well captured the envelope curves and predicted the peak loads. However, a high variation of the
hysteretic curve obtained from the experiment and numerical simulation was also recorded. In other
studies [22, 23], DIANA was utilized to examine the effects of the axial loads and the thickness of

steel plates in hybrid steel-concrete joints. These studies found that applying the axial force up to

N
Acf?

(

) = 0.3 could improve the joint performances in term of the peak load. However, when

N
Acfl

increasing axial load with the value of (—) > 0.3, negative effects were observed in the joint’s

behaviours. Moreover, the thickness of the steel plate significantly affected the displacement and ED
of this hybrid joint, and 14-mm thickness of the steel plate was found as an optimal design for the

investigated joints.

Mosallam, et al. [24] utilised ABAQUS to investigate the retrofitted monolithic beam-column joints
with FRP laminates. Higher stiffness and peak load were observed for the numerical simulation
results, compared to the corresponding experimental results. For instance, the variation of the peak
loads in [24] was in a range of 9-32%. Le, et al. [25] conducted a parametric study on precast
segmental beams using ABAQUS to investigate the effects of prestressing levels on the beam
performances. The numerical results indicated that the prestressing levels governed the failure
patterns, peak load, and ductility. For instance, higher prestress forces could increase the peak load

of the precast segmental beams by approximately 20-22%. Moreover, a significant variation of the



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

initial stiffness between the numerical simulation and experiment was reported. The above studies
suggest that achieving a good agreement between the numerical simulation and experiment results,
especially the hysteretic curves under cyclic loading is challenging. This issue is attributed to a lack
of material models which could well simulate material performance under different loading
conditions. For example, the concrete damaged plasticity model in ABAQUS could not well capture
the shear and tensile failures of reinforced-concrete structures under cyclic loading [26, 27].
Therefore, in many previous studies, only monotonic loading was considered to get the load-
displacement relationship, instead of modelling the performance under cyclic loading in using
ABAQUS [7, 28, 29]. In addition, running a simulation of the beam-column joints under cyclic

loading requires a high computational cost compared to monotonic loading.

This study reports a part of a bigger project focusing on proposing and investigating new precast
joints which could effectively resolve corrosion problem, reduce construction cost, enhance structural
resilience and sustainability, and satisfy the requirement for collapse prevention performance level
under high levels of earthquake loading. There are four innovations in this study, compared to
previous studies [1-3]. (1) A new hybrid joint was proposed to resolve a disadvantage related to the
bulky appearance of the dry joint with the CEP. Together with the dry joint proposed in the previous
studies [1-3], this new hybrid join offers a new option of consideration to engineers in designing
precast joints. (2) GFRP reinforcements and bolts were used to replace steel reinforcements and bolts
for effective mitigation of the corrosion problem of precast joints. It is noted that there have been no
studies of the performances of precast joints with GFRP reinforcements and bolts under cyclic loading
in open literature yet. (3) Numerical model was build using ABAQUS to investigate the structural
responses of the dry and hybrid joints with CEP and bolts under both cyclic and monotonic loads.
Based on the numerical simulation, some parameters (e.g. shear stress distribution in the concrete of
CEP and principal stress flow), which could not be straightforwardly measured in the experiment,

will be discussed in this study. In addition, the assumptions in the previously proposed model to
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predict the load-carrying capacity [1, 2] were validated, based on the numerical simulation results.
(4) The CEP thickness in both the dry and hybrid joints is the critical parameter of these joints and

thus the effects of the CEP thickness were examined by using experimental and numerical results.

2. Experimental program

This study investigates the performances of a newly proposed hybrid joint using GFRP bolts, GFRP
reinforcements, and concrete-end-plate (CEP). The thickness of the CEP, which is the critical
parameter, was varied to examine its influence on the joints’ performance. Six specimens, including
two monolithic joints (M1-SR and M2-GR) as references, two-hybrid joints (H3-GR-T200 and H4-
GR-T100), and two dry joints (D5-SR-S-T200 and D6-GR-S-T100), were cast and tested under cyclic
loading. The letters “M”, “H”, and “D” indicate the monolithic, hybrid and dry joints, respectively.
“GR” denotes GFRP reinforcements whereas “SR” denotes steel reinforcements. “T100” and “T200”
represent the thickness of CEP of 100 and 200 mm, respectively. It is noted that both the dry joints
used steel bolts to connect the beam and column so the letter “S” indicates steel bolts. The information
of all the specimens is summarized in Table 1. Details of the specimen dimensions, test setups, and

material properties are presented in the subsequent sections.

Table 1. Specimen design.

CEP CEP cross-
Names Joint Types Reinforcements Bolts thickness section

(mm) (mm)
M1-SR Monolithic Steel - - -
M2-GR Monolithic GFRP - - -
H3-GR-T200 Hybrid GFRP GFRP 200 200=250
H4-GR-T100 Hybrid GFRP GFRP 100 200=250
D5-SR-S-T200 Dry Steel Steel 200 150%350
D6-GR-S-T100 Dry GFRP Steel 100 200=350

Note: - = not applicable.
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2.1 Details of beam-column joints

Details of the dimensions and shapes of the monolithic joints and hybrid joints are illustrated in Figs.
1 and 2. It should be noted that in the design and preparation of the specimens for testing, the
experiences gained in the previous studies [1, 3], as well as in the process of the current study, were
taken into consideration. Some improvements on the hybrid and dry joints were made to further ease
the assembly process of beams and columns. Therefore, the dimensions of the six tested specimens
were not exactly the same, and hence the results among the specimens might not be directly
comparable, but indicative only and can be used to verify the numerical models. The beam width of
Specimens H3-GR-T200, H4-GR-T100, and D6-GR-S-T100 were 200 mm. To ensure fair
comparisons between the hybrid/dry joints and the monolithic joint, the beam width of the monolithic
specimen M2-GR was also increased up to 200 mm. The beam cross-sections of Specimen M2-GR,
H3-GR-T200, H4-GR-T100, and D6-GR-S-T100 were 150-mm height and 200-mm width whereas
those of Specimens M1-SR and D5-SR-S-T200 were 150 and 150 mm, respectively. The beam length
of all the specimens was 820 mm. The beam of the hybrid and dry joints was divided into two parts,
including Beam A and the CEP (see Fig. 3). The cross-section of the CEP of hybrid and dry joints
was different. The CEP cross-section of hybrid joints was 200-mm width and 250-mm height,
whereas that of dry joints was 200/150-mm width and 350-mm height. In addition, due to the
requirements for accommodating both bolts and nuts, the cross-section of CEP was larger than that
of Beam A. As the primary parameter in this study, the thickness of CEP varied from 100 mm
(Specimens H4-GR-T100, D6-GR-S-T100) to 200 mm (Specimens H3-GR-T200, D5-SR-S-T200) to
investigate its effect on the performance. The dimensions of the column remained unchanged in all
the specimens with 200-mm square cross-section and 1280-mm length. The diameter of the GFRP
longitudinal rebars and GFRP stirrups was 17.1 mm and 10.5 mm, respectively. For convenience,
GFRP spiral stirrups were applied in both the beam and column with the same spacing of 35 mm, as

shown in Fig. 1.
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Fig. 3 shows a typical view of GFRP cages, formworks, and shear keys. Foam moulds were attached
to the timber plates by using a silicone sealant to form the shear keys on the columns. The columns
with the shear keys were cast first and then they were used as the formworks to cast the beams. This

method ensures that the surfaces of the shear keys on the beam and column were properly fitted after

11



173

174

175

176

177

178

179

180

181

182

183

184

185

186

casting. To ensure that the beams and columns could be separated after casting, grease was used to
sweep on the column and shear key surfaces before casting the beams. High strength concrete was
filled into the green gap (see Fig. 3) after applying prestress forces to the GFRP bolts. In practice,
two timber plates can be fixed at both sides of the gaps and then high strength concrete is filled easily
on the top of the gaps. Four GFRP bolts with a diameter of 25 mm were used to connect the beam to
the column before the test. These GFRP bolts were applied a high prestress force up to 35 kN by the
use of a hydraulic jack, chair, and spanner [30]. This new method of being able to apply high prestress
force to FRP bolts was described in [30], which effectively resolved the limitations in the previous
studies [3, 14] of not being able to apply large prestress force to FRP bolts owing to the weak shear
strength of FRP material [1-3] (see Fig. 4). The conventional method of using a torch wrench to apply
the prestress force to CFRP bolts caused local damage at the nut location. As a result, only 6.5-10.5
kN of the prestress force was applied to CFRP bolts due to the low torsion resistance of the bolts in

the previous studies [1-3].
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Fig. 4. Setup for applying prestress to GFRP bolts.
2.2 Test setups

Fig. 5 shows a typical test setup of the hybrid joints. Before testing, a prestress force of 35 kN was
applied to each GFRP bolt. A 500-kN hydraulic jack was used to apply the cyclic load at the loading
point, 550 mm from the column surface. Another hydraulic jack was placed on the column top to
apply 65 kN (= 0.03 4.f.) axial force on the column (see Fig. 5). This axial force was maintained as
low as possible to simulate the most unfavourable case of joint behaviours. Four load cells with a
capacity of 200 kN were used to monitor the cyclic loading, the tensile forces in the bolts, and axial
forces in the column during the tests as shown in Fig. 5. Strain of the reinforcements was measured
by 5-mm strain gauges. The typical loading history (see Fig. 6) was based on ACI T1.1-01 [31]
standard and the previous studies [1, 3]. Due to the time restraint, two fully reversed cycles were
conducted for each drift ratio under displacement control at the levels of 6—-9 mm/min. The beam-
column joints were tested until 85% post-peak load. The test could be stopped before or after 9% DR

which depended on the joint capacity.
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Fig 6. Loading history.

2.3 Material properties

Ready-mixed concrete from Boral Pty Ltd [32] was used to cast all the specimens in this study (see
the mixture in Table 2). The concrete properties were determined according to AS 1012.8.1-14 [33]
and AS 1012.9.1-14 [34] standards. , the 28"-day compressive strength (f°;) and tensile strength (f.,)
of group 1 (M1-SR, D5-SR-S-T200 and D6-GR-S-T100) were 38.5 MPa and 3.8 MPa, respectively
whereas the 65-day of group 2 (M2-GR, H3-GR-T200, and H4-GR-T100) were 59.1 MPa and 4.2
MPa, respectively. The mechanical properties of the two groups were different due to different
concrete batches and testing days. This difference was also reported in some previous studies [1, 2,
35-37]. The mixture of the high strength concrete with the compressive strength of 75.2 MPa used to
fill the gap in hybrid joints as shown in Fig. 3 is presented in Table 2. GFRP bolts and nuts were
supplied by Bluey Pty Ltd [38]. The nominal tensile force of threaded rods (350 kN) was significantly
higher than the failure force of the nuts (70 kN). Therefore, the capacity of the whole bolts was
governed by the capacity of nuts. The mechanical properties of GFRP bolts are presented in Table 3.
The mechanical properties of GFRP reinforcements, which were sponsored by Pultrall Inc [39], are
summarized in Table 4. The mechanical properties of GFRP bolts and reinforcements were provided

by the suppliers. Steel reinforcement properties are presented in Table 5.

Table 2. Mixture proportions of 1 m® plain concrete [32] and filled concrete.

Ready-mixed

Materials Unit Filled concrete

concrete
Sand (ke/m?) 534 1051
7-mm coarse aggregate (kg/m?) 1100 -
Coarse sand Gin Gin (kg/m?) 225 -
Cement (kg/m?®) 400 995
Water (L/m?) 175 180
Plastiment BV35 (L/m?) 1.6 -
Viscocrete 10 (L/m?) 1.2 -

15



Ready-mixed

Materials Unit concrote Filled concrete
Viscoflow 15 (L/m?) 1.2 -
Silica fume (kg/m?) - 238
Superplasticizer (kg/m®) - 67
Steel fibre (35 mm) (%) - 2

221  Note: - = not applicable.
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222 Fig. 7. Details of (a) GFRP bolts and (b) GFRP spiral stirrups.
223
224 Table 3. Properties of GFRP bolts and nuts [38].
Nominal Nominal cross- Shear Shear Ultimate  Elastic Weicht
diameter section area @90° @50° load modulus &
Names
(mm) (mm?) (kN) (kN) (kN) (GPa) (kg/m)
Bolt 25 346 170 345 > 350 60 0.9
Nut 25 - - - 70 60 -

225  Note: - = not applicable.

226 Table 4. Mechanical properties of GFRP reinforcements [39].
EZE;E F.  fi  Fu fu Os Fu E  Arca o
(mm) (kN) (MPa) (kN) (MPa) (kN) (MPa) (GPa) (mm?)
10.5 897 12592 423 593 336 2358 54 87 Stirrups
17.1 2689 13583 1324 668.8 82.5 2085 54 230 r;g‘flfr‘é‘e‘ﬁigﬁis
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Note: Fy, and f, = Load at the break and tensile strength of the straight portion.
F’, and f°, = Load at the break and tensile strength of the bent portion.
Osn and fo, = Load at the break and transverse shear strength.
Es = Elastic modulus.

Table 5. Steel reinforcement properties.

Bar size Area f Ju Es

(mm)  (mm?®  (MPa) (MPa)  (GPa) Remarks
10 78 560 675 200 Stirrups
16 201 597 706 200 Longitudinal reinforcements

3. Experimental results and discussion

3.1 Global performances and failure modes

In the beam-column joints, there were three possible failure positions including the joint area, fixed-
end of the beam, and a combination of the joint area and fixed-end. Either shear failure or compressive
strut failure mainly governed the failure patterns in the joint area while flexural cracks and concrete
crushing dominated failure modes at the fixed-end [2]. Fig 8 shows the failure modes of all the
specimens tested in this study. To consider the effects of the shear keys on the joint performances, a
comparison was conducted between specimens with shear keys and without shear keys. The shear
keys were utilized at the interface between the columns and CEPs of the precast joints (excepting
Specimen D5-SR-S-T200) to resist the shear forces. Therefore, no-slip between the column and CEP
was observed during the tests. Meanwhile, despite no shear keys on Specimen D5-SR-S-T200, no-
slip was recorded on this specimen either because the friction between the column and CEP surfaces
was sufficient to resist the shear force. Although the maximum tensile forces in GFRP bolts almost
reached their nominal capacity of the GFRP nuts (see Table 3), no failure was observed on GFRP
nuts. For instance, the maximum tensile force of GFRP bolts of Specimen H3-GR-T200 was 69 kN
which almost reached the nominal capacity of the GFRP nuts (70 kN). After testing, all GFRP nuts
were carefully checked and showed good conditions without damage. Fig. 9 shows strain of

longitudinal reinforcements and middle stirrups in the CEP. The strain of steel and GFRP
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reinforcements at the peak load was lower than the yield strain (2,985 pe) and the nominal strain at
the break strength (25,238 pe), respectively. For instance, strain of the longitudinal reinforcements of
Specimens M1-SR, M2-GR and D6-GR-S-T100 was 2,233 pe, 9,666 pe, and 3,994 pe, respectively.
The above results proved that steel and GFRP reinforcements did not govern the main failure of the
specimens so concrete dominated the main failure of the specimens. These results indicate that the
structures using GFRP materials satisfy the design requirements for not suffering brittle failure. On
the other hand, strain of the longitudinal reinforcements of Specimen M2-GR was around four times
higher than that of Specimen M1-SR at the peak load. Lower elastic modulus of GFRP reinforcements
(54 GPa), compared to that of steel reinforcement (200 GPa) caused the above difference. The lower
modulus of GFRP also led to a higher DR of the specimens using GFRP reinforcements. More

discussions about DR will be given in the subsequent section.
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To evaluate if the specimens failed in the beam or the joint area, it is necessary to estimate the capacity

of the beam, together with the observation during the test. This study adopted ACI 318-11 [40] to

estimate the loading capacity of the beams with steel reinforcements and ACI 440.1R-15 [41] for that
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of beams with GFRP reinforcements. The calculations showed that the design capacities of the beams
of Specimens M1-SR, M2-GR, D5-SR-S-T200, and D6-GR-S-T100 were 28.1, 32.9, 44.2, and 33.2
kN, respectively. The loading capacity of the beam of Specimen M2-GR was higher than that of
Specimen M1-SR due to higher concrete compressive strength and larger beam width. The concrete
compressive strength and beam width of Specimen M2-GR were 59.1 MPa and 200 mm, respectively,
whereas those of M1-SR were 38.5 MPa and 150 mm, respectively. The loading capacity of the beams
of Specimens H3-GR-T200 and H4-GR-T100 was 50.1 kN and 39.7 kN, respectively. It is noted that
the actual applied loads on the beam of the hybrid joints were lower than the respective loading
capacity due to the spalling failure of the filled concrete block due to poor bonding between the filled
higher strength concrete and the normal concrete of the beam. In addition, the loading capacity of the
joint was defined at the corresponding loading value when failure occurred in the joint area. There
have been no standards to estimate the joint capacity of the hybrid and dry joints. Therefore, based
on the above-estimated loading capacity of the beams, if the applied peak loads to the specimens were
lower than the loading capacity of the beams, the failure of these specimens was governed by other
parts, i.e. joint area. Otherwise, these specimens might fail in the beam of the specimens with the
monolithic or dry joints or a combined failure in both the beam and joint of the specimens with the
hybrid joint. From the observation during the tests and the comparisons between the design loading
capacities and the applied peak loads in the tests, it could be concluded that Specimens M1-SR and
D5-SR-S-T200 failed in the beam at the fixed-end while the primary failure of Specimen D6-GR-S-
T100 occurred in the joint area. The combined beam and joint failure was observed on Specimens
M2-GR because both the beam and joint areas reached their ultimate strength. For Specimens H3-
GR-T200, and H4-GR-T100, the combined failure at the joint and beam areas was also observed. The
reason for these failure positions can be explained that the joint area reached its ultimate strength after
the low bonding between old and new concrete at the filled concrete caused the failure of this section

of the beam.
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Fig. 9. Data of strain gauges attached on (a) longitudinal reinforcements and (b) stirrups at middle

To evaluate the failure modes of the specimens using steel and GFRP reinforcements, a comparison
was conducted between Specimens M1-SR and M2-GR. In general, the failure modes of these

specimens were similar at the same DR. Flexural cracks occurred quite early at the fixed-end of the
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beam when the beam soffit was in tension at 0.3-0.5% DR. Afterwards, the flexural cracks extended
to the loading point at 100 and 200 mm from the fixed-end. After 1% DR the inclined cracks tended
to propagate to the joint area. However, there were three different types of failure modes in these two
specimens. (1) Although the trend of the inclined cracks in the joint area was similar, more inclined
cracks were observed in the joint area of Specimen M2-GR, compared to Specimens M1-SR. It is
attributed to the displacement applied during the tests. The beam width of Specimens M2-GR (200
mm) was larger than that of Specimen M1-SR (100 mm). As a result, it required a larger force to
deform the beam of Specimen M2-GR than that of Specimen M1-SR and, therefore, caused more
cracks in the joint area of Specimens M2-GR at the same drift ratio of Specimen M1-SR, as shown
in Fig. 8(a) and 8(b) at 5% DR. (2) Crushing of concrete was observed in Specimen M1-SR at 2%
DR whereas no crushing of concrete appeared on Specimen M2-GR until 5% DR. This different
performance was attributed to the different concrete compressive strength of these specimens. Higher
concrete compressive strength of Specimen M2-GR (59.1 MPa) well resisted the compressive stress
in concrete, compared to Specimen M1-SR (38.5 MPa). (3) Especially, more severe damage was
observed on Specimen M2-GR after the test, compared to Specimen M1-SR. It is because the elastic
modulus of GFRP reinforcements (54 GPa) was lower than that of steel reinforcements (200 GPa).
The lower elastic modulus caused higher elongation of GFRP reinforcements, compared to steel
reinforcements. For instance, at the same 5% DR, strain of the longitudinal GFRP reinforcements
(8,685 ug) was 3.9 times higher than that of the longitudinal steel reinforcements (2,233 pe), see Fig.
9(a). At the end of the tests, Specimen M2-GR showed larger displacement (10.5% DR), compared
to Specimen M1-SR (6.5% DR). Larger displacement caused more severe damage in the joint area

and concrete crushing at the fixed-end of Specimen M2-GR.

Figs. 8(c) and 8(d) illustrate the main failure modes of the two-hybrid joints (H3-GR-T200 and H4-
GR-T100) with different thicknesses of the CEP (200 vs 100 mm). In general, the failure positions of

these two specimens were similar that both the specimens failed at the fixed-end and in the joint area.
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Although the beams of these two specimens did not reach their loading capacity (50 kN for Specimens
H3-GR-T200 and 39.7 kN for H4-GR-T100), severe damage and concrete spalling were observed at
the fixed-end and in the joint area of these two specimens, as shown in Figs. 8(c) and 8(d). It is
attributed to the low bonding strength between old and new concrete surfaces. This low bonding
caused initial cracks around the filled concrete block at a low DR of 0.5-1% in the pull direction and
led to damage of the filled concrete block in the push direction. Consequently, the cross-section of
the beam reduced and caused more severe damage at the fixed-end. At the first cycle of 1% DR, the
inclined cracks started at the fixed-end and propagated to the middle zone of the CEP. Tensile and
shear cracks governed the main failure of these two specimens. Therefore, strain of middle stirrups
in the joint area was relatively high. For example, the strain of Specimen H3-GR-T200 at the peak
load (2.5% and 3.5% DR) was 2,723 and 3,866 pe, respectively (see Fig. 9(b)). It is noted that the
inclined cracks were only observed on the column of Specimen H3-GR-T200 from 1.5% DR while
no cracks appeared on the column of Specimen H4-GR-T100 and other precast joints. The application
of the shear key helped to transfer the shear force into the column and induced inclined cracks in the
column of Specimen H3-GR-T200. As a result, the inclined cracks were generated on the column of
Specimen H3-GR-T200 only. For Specimens H4-GR-T100 and D6-GR-S-T100, although shear keys
were also applied on these specimens, no inclined cracks were observed on the column due to weak
shear resistance at CEP with a thin thickness of 100 mm. Therefore, for Specimens H4-GR-T100 and
D6-GR-S-T100, the CEP reached their ultimate shear capacity before the column. Lower shear
resistance of the CEP of Specimen H4-GR-T100, compared to Specimen H3-GR-T200 also caused
more severe damage to the CEP of Specimen H4-GR-T100, as shown in Figs. 8(c) and 8(d). In

general, the failure of Specimens H3-GR-T200 and H4-GR-T100 was governed by the CEP.

Figs. 8(e) and 8(f) show a comparison of failure modes between two dry joints with different
thicknesses of the CEP (100 vs 200 mm). In general, the failure modes of the two specimens were

different. Specimen D5-SR-S-T200 failed at the fixed end of the beam whereas Specimen D6-GR-S-
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T100 failed in the joint area. The flexural cracks (see the pink curve in Fig. 8(e)) and crushing of
concrete at the fixed-end mainly governed the main failure modes of Specimen D5-SR-S-T200 due
to the greater shear resistance of the CEP. Therefore, in the dry joint with the CEP thickness of 200
mm, the ultimate bending capacity of the beam was reached before the shear capacity of CEP. For
Specimen D6-GR-S-T100, due to a reduction of the CEP thickness from 200 mm to 100 mm, the
shear resistance of the CEP of Specimen D6-GR-S-T100 was significantly reduced. Consequently,
various inclined cracks were generated in the middle zone of the CEP (see the red curves in Fig. §(f)).
The inclined cracks of these two dry joints only concentrated in the middle zone of the CEP due to
higher shear stress concentrated in the middle zone, compared to the right and left zone of the CEP.
High prestress force in the bolts increased the confined capacity of concrete in the right and left zone
of CEP [1, 3]. Therefore, fewer cracks were observed in these zones. This finding will be validated
in the next section using numerical simulation with ABAQUS. Finally, almost no cracks on the beam
of Specimen D6-GR-S-T100 while some flexural cracks appeared on Beam A from the fixed-end to
the loading point of Specimens D5-SR-S-T200. It is because Specimen D6-GR-S-T100 failed very
early before Beam A reached its ultimate bending capacity. The above results indicated that reducing

the CEP thickness changed the failure mode from the beam to the joint area.

3.2 Hysteretic responses

Both the hysteretic and envelope curves of the monolithic and dry joints were approximately
symmetrical in the push and pull directions (see Figs. 10 and 11) due to the identical longitudinal
reinforcements. However, those of the hybrid joints (H3-GR-T200 and H4-GR-T100) were
asymmetrical in these directions owing to the asymmetric designs of the CEP (see Figs. 1 and 2). The
hybrid joints showed ductile performance in the pull direction while the applied load quickly reduced
in the push direction after reaching the peak load. For instance, at 4% DR, Specimen H4-GR-T100
retained 85% of the post-peak load in the pull direction while it completely failed (almost zero applied

load) in the push direction. This phenomenon is attributed to (1) the gaps on the beams owing to the
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spalling failure of concrete filling the slot of the hybrid joints as discussed above, and (2) the effect
of the CEP thickness. The longitudinal reinforcements well resisted the tensile stress in the beam in
the pull direction. Meanwhile, the filled concrete block was damaged in the push direction due to the
low bonding between old and new concrete surfaces. In addition, reducing the CEP thickness caused
severe damage in the joint area which mainly affected the loading capacity in the push direction, as
shown in Fig. 8(d). The above two reasons led to significantly different loading capacity in the two
directions. Fortunately, the hybrid joints indicated greater performances in the pull direction (primary
loading direction in the real joint application), compared to the push direction. Therefore, this newly
proposed hybrid joint could be effectively applied to structures in seismic-prone areas to reduce
construction cost. For high seismic-prone areas, the bonding between old and new concrete surfaces
needs to be improved and further studies are deemed necessary.

The hysteretic curves of Specimens MI1-SR and M2-GR in Fig. 10 indicate typical different
behaviours of the specimens using the steel and GFRP reinforcements. Due to linear behaviours up
to rupture of the GFRP reinforcements, smaller residual displacement (2.8 mm) was recorded in
Specimen M2-GR, compared to Specimen M1 (13.8 mm) at the same 5% DR. The beams of the
specimens using GFRP reinforcements could return back to its original position after unloading. It
means the application of GFRP reinforcements did not induce brittle failure of the tested beam-
column joints in the testing range in this study while the great centring capability was observed on
specimens using GFRP reinforcements. This observation was also reported in another study with the
dry joints using GFRP bolts and reinforcements under impact loading [30]. The yielding of steel
reinforcements induced larger residual displacements for Specimen M1-SR. It is noted that concrete
should govern the main failure modes in all specimens using GFRP reinforcements to avoid brittle

failures. This principle should be applied in designs of the beam-column joints using GFRP materials.
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Fig. 10. Hysteretic responses of all the specimens.
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Note: * = estimated value based on the beam without gap.

3.3 Energy dissipation capacity

Energy dissipation (ED) is an important parameter to evaluate the performance of a structure under
earthquake loading. The beam-column joints are considered to have good performances under seismic
loading if they can dissipate sufficient energy while retaining their stiffness and loading capacity. The
ED of the beam-column joint under cyclic loading is determined based on the area enclosed inside
the hysteretic loop in the first of every two cycles. As depicted in Fig. 12, the ED of all the specimens
was analogous up to 1% DR owing to the elastic performance in the initial stage. After that the ED
of the specimens was different. In general, the ED of the dry and hybrid joints (H3-GR-T200 and D5-
SR-S-T200) was greater than that of the corresponding monolithic joints (M1-SR, M2-GR). For

instance, the ED of the precast joints (hybrid and dry joints) was approximately 57-74% higher than
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that of the monolithic joints at 4% DR. It means the proposed dry and hybrid joints showed excellent
ED under seismic loading and therefore are superior for applications in structures in seismic-prone
areas. There are two possible reasons to explain this promising result. (1) Under cyclic loading, the
joint opening was observed in the precast joints at the excessive load and the joint closed after
unloading due to the prestress forces and linear performance of the bolts. This behaviour led to better
ED in the precast joints due to friction between interfaces and damping of material, as compared to
the monolithic joints in which ED depends mainly on plastic deformation and damage of structural
materials. (2) Given the same drift ratio, precast joints have higher loading capacity in each cycle,
compared to the monolithic joints, which led to greater ED. Therefore, the above results suggest that

the precast joints could well replace the monolithic joints in seismic-prone areas.

To further evaluate whether the application of GFRP reinforcements affected the ED of beam-column
joints, a comparison was conducted between Specimen MI-SR using steel reinforcements and
Specimen M2-GR using GFRP reinforcements (see Fig. 12). In general, the ED of the both specimens
was analogous while marginal higher ED was observed in Specimen M2-GR, as compared to
Specimen M1-SR from 1.5% DR to 4.5% DR. This positive result is attributed to fat hysteretic loops
and higher applied load in Specimen M2-GR using GFRP reinforcements. Although GFRP
reinforcements showed linear performances up to rupture, fat hysteretic loops were observed on
Specimen M2-GR because GFRP reinforcements have lower stiffness compared to the steel
reinforcements, therefore likely led to more concrete damage although the concrete strength of M2-
GR was higher than that of M1-SR. In addition, GFRP reinforcements in this study were designed to
avoid rupture failure during the test and concrete governed the main failure modes of the specimens,
as illustrated in Section 3.1. The applied load of Specimen M2-GR was higher than that of Specimen
MI1-SR due to the linear behaviour and higher strength of GFRP reinforcements than steel
reinforcements, as well as the higher concrete compressive strength and larger beam width. The

loading capacity of M1-SR would not substantially increase after the steel yield. Nonetheless, the
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437  current comparison may not be valid if the concrete strength and beam size of M1-SR and M2-GR
438  were the same, i.e., steel reinforcement might lead to more ED because of steel yielding. Nonetheless,
439  these results indicate that the application of GFRP reinforcements can meet the ED requirements of

440  beam-column joints under seismic loading.
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442 Fig. 12. Energy dissipation of all the specimens.
443 Table 6. Relative energy dissipation ratio of all the specimens based on ACI 374.1-05 [42].
An Vi V> D’ D’
Specimens Drift ratio E.
(kN.%) (kN) (kN) (%) (%)
M1-SR 27.02 22.85 29.44 2.20 1.90 0.126
M2-GR 35.05 34.20 21.40 2.55 2.10 0.136
H3-GR-T200 3500, 61.79 26.76 41.67 2.70 2.50 0.174
H4-GR-T100 o 30.86 2.75 18.32 3.30 3.00 0.232
D5-SR-S-T200 50.73 44.70 39.10 2.10 1.75 0.157
D6-GR-S-T100 23.46 11.23 7.71 3.10 3.25 0.195
444
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To evaluate the energy dissipation capacity of beam-column joints under seismic loads, ACI 374.1-
05 [42] provides acceptance criteria at the last loading cycle of 3.5% drift ratio. Based on ACI 374.1-
05 [42], the relative energy dissipation ratio (E,) is defined as the ratio of the area (4;) inside the
applied load-drift ratio/displacement loop to the area of the effective circumscribing parallelograms
JPOK and KLMJ (see Fig. 13). The areas of the parallelograms are equal to the sum of the absolute
values of the applied loads (V; and 1?>), at the drift ratios (D; and D>) multiplied by the sum of the

absolute values for the drifts ratios (D'; and D), as presented in Eq. (1) [42]:

— An
E—r o (V1+Vz)(D’1+D’2) (1)

Table 6 gives the results of the relative energy dissipation ratio. Given that the relative energy
dissipation ratios (E,) of all the specimens are greater than 1/8 (0.125), all the specimens satisfy the

requirements of ACI 374.1-05 [42] in maintaining the stablity of a structure before it collapses.

Applied load A
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$ dyZE:
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Fig. 13. Main parameters to determine relative energy dissipation ratio.

3.4 Drift ratio and maximum applied loads

Drift ratio is a crucial parameter to evaluate the ductility of structures under earthquake loading. This
parameter is determined based on the ratio of beam displacement at the loading point (A) and the

beam length from the column surface to the loading point (/=550 mm), as denoted below:

R=A/I (2)
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Fig. 14. Comparison of peak load and drift ratio.
A comparison of the peak loads and the corresponding DRs is presented in Fig 14. In general, the
application of GFRP reinforcements illustrated good performances in terms of the peak load and DR,
compared to the corresponding steel reinforcements. Specimen M2-GR reached 6% DR which was
higher than that of Specimen M1-SR (5% DR). This DR well exceeds the requirements for the
immediate occupancy structural performance level (2% DR) and the life safety structural performance
level (3% DR) in ASCE 41-17 [10]. This result could be explained that this study as well as many
studies [36, 43-50] adopted the high-performance levels of structures as a criterion in evaluating the
performance of the studied structural joints. For example, the criterion corresponding to the collapse
prevention (5% DR) was adopted in this study. The results demonstrated that the joints in this study
did not completely lose its load-carrying capacity at 5% DR, indicating they would satisfy the collapse
prevention requirement. In addition, lower elastic modulus and higher rupture strength of GFRP
reinforcements resulted in better DR of Specimen M2-GR, compared to Specimen M1-SR using steel

reinforcements. In addition, although GFRP reinforcements had lower elastic modulus as compared
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to steel reinforcements, the higher peak load was recorded on Specimen M2-GR. There are three
reasons to explain this result. (1) The concrete compressive strength of Specimen M2-GR (59.1 MPa)
was higher than that of Specimen M1-SR (38.5 MPa). (2) The beam width of Specimen M2-GR was
200 mm, while that of M1-SR was 150 mm. (3) GFRP reinforcements did not rupture in the tests due
to its high strength. Therefore, their resistance increases linearly with the DR and applied load,
whereas the loading resistance from steel reinforcements would not increase once they yield. In
general, the results above demonstrate that the application of GFRP reinforcements did not cause

brittle failure, thus they could be potentially applied in seismic-prone regions.

The hybrid joint shows sufficient loading capacity and DR, compared to the monolithic and dry joints.
As shown in Fig. 14, the peak load of Specimen H3-GR-T200 (44.3 kN) was approximately 17%
higher than that of Specimen M2-GR (37.8 kN). These specimens had the same cross-section and
reinforcements on the column and Beam A. However, the cross-section of the CEP (200x250 mm?)
on Specimen H3-GR-T200 was larger than that of the beam (200x150 mm?) of Specimen M2-GR.
Therefore, the peak load of Specimen H3-GR-T200 was greater than that of Specimen M2-GR.
However, the peak load of Specimen H3-GR-T200 was lower than that with the dry joint D5-SR-S-
T200 due to lower prestress forces in the bolts [1] and failure of the filled concrete block (see Sections

3.1 and 3.2).

As can be seen that the CEP thickness in both hybrid and dry joints significantly affected the loading
capacity and DR. For instance, when the thickness of the CEP reduced from 200 mm to 100 mm, the
peak load decreased, approximately two times and three times in the hybrid and dry joints,
respectively. In addition, the DRs in the push (2.5% DR) and pull (3.5% DR) directions of Specimen
H3-GR-T200 were different while those of Specimen H4-GR-T100 were 1.5% DR in both directions.
Reducing the CEP thickness in Specimen H4-GR-T100 caused more severe damage to the CEP,
whereas the damage of Specimens H3-GR-T200 was governed by the debond failure of the infilled

concrete block from the beam which therefore resulted in the unsymmetric push and pull loading
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capacities (see Figs. 8(c) and 8(d)). As a result, damage in the CEP led to the reduction of the peak
load and DR of Specimen H4-GR-T100. For Specimen H3-GR-T200, a combination of damage at
the CEP and infilled concrete block led to the reduction of the peak load. A higher DR was observed
in the pull direction (3.5% DR) as compared to that in the push direction (2.5% DR). These DRs still
reached the requirements for the collapse prevention structural performance level of ASCE 41-17
[10] (5% DR). It is because under the standard cyclic loading tests, the joint did not collapse and still
had a capacity to resist load when reaching even the drift ratio of 5%, implying the deformation
capacity of the joint is sufficient as specified in the design requirement, and also implies the joint has
large energy absorption capacity. Therefore, this hybrid joint is a good candidate for use in seismic-

prone regions.

For dry joints, reducing the CEP thickness to 100 mm on Specimen D6-GR-S-T100 led to a reduction
of DR from 3% DR to 1.5% DR. This value (1.5% DR) was consistent with the DR of the previous
study by Saqgan [51] who reported that this dry joint type showed poor results and it could not be
applied in practice. As an effort in improving the performance, this study and the previous studies [1-
3, 30] revised the design of this dry joint using FRP bolts, fibre reinforcement, and geopolymer
concrete under cyclic and impact loading so that it could be well applied in practice. In general, the
CEP thickness is one of the critical parameters that govern the DR and loading capacity of the joints
and thus it is intensively investigated in the next section (Section 4.2) for better understanding and

optimal design.

4. Numerical simulation with ABAQUS software

ABAQUS software was used to build 3D finite element models of the precast beam-column joints
connected with GFRP or steel bolts, and GFRP reinforcements. The experimental results of
Specimens M2-GR, H4-GR-T100, and D6-GR-S-T100, were used to validate the numerical model.
It is because these three specimens fully represented the observed failure modes of the six specimens.

After validating the model, an intensive parametric study was conducted to examine the assumptions
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used in the analytical model of the dry joints in the previous studies [1, 2]. For instance, shear stress
primarily concentrated in the middle zone of the CEP and shear failures governed the main failure
modes of the dry joints. Also, the effects of the CEP thickness on the dry joints will be investigated
in this section. The influence of the CEP thickness on the hybrid joints is relatively similar to that of

the dry joints so that it is not presented in this study for brevity.

4.1 Description of the finite element model
The element types, material models, mesh sizes, and contact types will be briefly presented in this
section. To reduce the computational cost, the beam-column joints were built symmetrically, as

shown in Fig. 15.

4.1.1 Concrete material model

Concrete of the beam-column joints was modelled by eight-node linear brick elements (C3D8). The
main failure modes occurred at the joint area and fixed-end (see Fig. 8) so a fine mesh with a size of
20 mm was applied in these areas. Meanwhile, a coarse mesh with the size of 40 mm was used for
other areas (see Fig 15). It is noted that these mesh sizes were determined based on mesh convergence

tests.

There are three popular concrete models in ABAQUS including the brittle cracking model, smeared
crack model, and concrete damage plasticity model (CDP) [52]. The brittle cracking model and
smeared crack model are usually applied for brittle materials (e.g., brittle rocks and plain concrete)
under monotonic loading [27] while CDP has been popularly adopted in simulating reinforced-
concrete structures under both monotonic and cyclic loading [53]. CDP can well reflect the
behaviours of specimens which is governed by concrete with compression failure under cyclic
loading. For shear and tensile failures, the application of CDP to simulate the inelastic behaviours of
specimens exhibited many limitations [26, 27]. Hence, this study adopts the newly developed

softened damage-plasticity model by Feng, et al. [26] and Feng, et al. [54] to simulate behaviours of
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Fig. 16. The effects of compression-softening on reinforced concrete [55].
For brevity, hereafter the concrete material model with the softening effects is briefly introduced. The

constitutive relation was represented as:
o= ({—-D%):Ey (e —€P) 3)

where o, I, D®, and E,, denoted the Cauchy stress tensor, identity tensor, fourth-order damage tensor
corresponding to compression-softening, and fourth-order elastic modulus tensor, respectively; € is
the strain tensor including two components (elastic part €€ and plastic part €”); the damage tensor

(D?) is determined as follows:
Ds =d*P* +dSP~ (4)
d*"=1-p(1—-d") (5
where Pt and P~ are the projection tensors; d* and d~ indicate the two damage variables of
concrete corresponding tensile and compressive performances; f denotes the softening coefficient

and is calculated as follows.

1
b= Frmee ©
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It is noted that the softening coefficient is identified based on the tensile energy equivalent strain
rather than the principal tensile strain. This model provides more convenience in calculations under
complex multi-axial stress state and accounts for the accumulated influence of compression-softening

under reverse loading.

Moreover, the energy equivalence is proposed by Li and Ren [56] as follows:

_ 2Yt 1 Y~
€t = [— 1~ = — (7)
Ey Eo(1—a) | bo

where a and b, depend on the material properties; E, is the initial elastic modulus [57]; Y+ are the

damage release rates and are determined as bellow:

Yt =2(6%: Eg:6). Y™ = bo(aly ++/3]5)? (8)
where I and J; are the first invariant of the compressive effective stress & ~and the second invariant
of the deviator of the compressive effective stress  ~, respectively [27].

The uniaxial damage evolution functions are determined as follows [54, 58]:

pEnt

R t < 1
+_ +ynt =
di — n 1+(j€ m (9)
—_ P—_ + > 1
at(xf-1)2+x*
T /N
X- = Eci , PT = Eoe_ct’ n- = 1—pi (10)

where f* and € are the tensile/compressive maximum strength and the corresponding strain; a*
indicates the descending parameters that govern the shape of the descending part of the stress-strain

curves [55].

Moreover, €P is calculated to improve the numerical efficiency of the model, based on the empirical

model by Faria, et al. [59] and the modified model by Wu [60].

€P = bPG (11)
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pP = glf’EOH(d-)F >0 (12)

The plastic coefficient which dominates plastic strain level is denoted by ¢P. The tensile plastic strain
is neglected due to its insignificant effects on the whole structural performance. It is noted that the

above model of concrete was implemented into ABAQUS through user-defined subroutine UMAT.

4.1.2 Steel and FRP material models

The GFRP longitudinal reinforcements and stirrups were modelled by truss elements (T3D2) while
C3D8 was used to model the bolts and steel plates. After conducting the mesh convergence tests, the
20-mm mesh size was applied for these elements. Material properties of GFRP bolts and GFRP
reinforcements are presented in Tables 3 and 4. The anisotropic elastic material model was applied
for all GFRP bolts and GFRP reinforcements in this study owing to the linear performance of GFRP
material till failure. For steel bolts and steel plates, the elastoplastic stress-strain material model was

used [25].

4.1.3 Contact mechanism

The perfect bond between reinforcement and concrete was adopted in the numerical simulation. It is
because there was no slippage between reinforcement and concrete observed in the tests. In addition,
previous studies [7, 25, 53, 61] also proved that using a perfect bond model can give reasonable
predictions of the behaviours of the structures. Therefore, embedded elements were adopted in the
numerical model to define contact between the reinforcements and concrete. The surface-to-surface
contact was applied between two shear key surfaces of the beam and column with a friction coefficient
of 0.7 [25]. The spacing between the bolts and the holes on the beams and columns of dry and hybrid
joints was respectively 4 mm and 1.5 mm so the unbonded contact was adopted. Zero friction was
assumed in unbonded contact to define the tangential behaviour between the bolts and the holes [25].
Tie constraint contact was applied between steel plate and CEP/column surfaces and between nut and

steel plate surfaces. In addition, to maintain affordable computational cost (simulation time) but keep
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the same accuracy as using the other available contact types, the tie constraint contact was adopted

between the filled concrete and old concrete/steel plate surfaces.

4.1.4 Model validation and discussions

Using ABAQUS to simulate the performance of reinforced-concrete structures with shear and tensile
failures under cyclic loading is challenging due to the limitation of the concrete model as reported in
the previous studies [26, 27]. Hence, only the loading-displacement relationship under the monotonic
loading was simulated instead of the cyclic loading in previous studies [7, 28, 29]. This study shows
an improvement compared to the previous studies [7, 28, 29] because the performances of the dry
and hybrid joints under cyclic loading could be well simulated till the peak loads. The peak load point
was defined at the corresponding loading value when concrete or reinforcements reached their
maximum stress or yield strength. However, inconsistent numerical results under cyclic loading
conditions in the post-peak region were observed owing primarily to the incapability of the material
model to properly represent the post-failure performance of the concrete material under complex
stress states induced by combined bending moment and shear force. Owing to this limitation, and also
because the stress distribution and damage of materials up to the peak loads are the primary concern
in the analysis and design of a beam-column joint, and also the primary focus of this investigation, in
this study, like in the previous studies [7, 28, 29], simulation of the structural performance under
monotonic loading is also carried out to obtain the loading-displacement envelope. Hence, this study
uses both hysteretic curves under cyclic loading up to the peak load and envelope curves under
monotonic loading to validate the accuracy of the numerical simulation results. Afterwards, only the
numerical simulation under monotonic loading, which was computationally a lot more efficient
compared to simulations under cyclic loading, was applied to conduct parametric investigations. The
values of the ductility, DR, and loading capacity of the proposed dry and hybrid joints could be used
to evaluate the performance of these joints when applying in seismic-prone areas. The ED derived

from the results of the numerical simulation depends on the concrete constitute model and its ability
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to represent concrete material behaviour in the post-failure region under complex stress states, which

is a good topic for future studies.

The numerical model was validated with the experimental results in terms of hysteretic loops,
envelope curves, and failure modes, as shown in Figs. 17 and 18. Only the first cycle of each DR
level (2 cycles in the experiment) was applied in the numerical simulation to reduce the simulation
time. The envelope curve of Specimen H4-GR-T100 was plotted in both push and pull directions due
to the asymmetric design of this specimen. In general, the numerical simulation well captured the
peak loads, DR, and the stiffness of the monolithic and dry joints. The differences in numerical results
and experimental peak loads ranged between 4.1% and 6.7%. For example, the experimental peak
load of Specimen D6-GR-S-T100 was 16.8 kN while the corresponding numerical result under cyclic
and monotonic loading was 17.5 kN and 17.9 kN, respectively. However, the unloading curves of the
numerical simulation do not match well with the experimental results, as shown in the red curve of
Fig. 17 (a). This limitation is attributed to the concrete model as discussed above. Multiple cycles
were applied in each level of DR in the experimental test while only one cycle at each DR was carried
out in the numerical simulation to save computation time as also adopted in a previous study [55].
This difference might further contribute to the variation between the numerical and experimental
results. This limitation was also reported in previous studies [6, 27, 62-64] and thus improving the
concrete model that takes into consideration the load-path effect is deemed necessary, particularly for

unloading curves.
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Fig. 17. Comparison of hysteretic and envelope curves between experiment and numerical

simulation results.
Although the numerical model successfully predicted the peak load in the push direction of the hybrid
joint, a higher variation (approximately 24%) was observed in the pull direction, as shown in Fig.
17(c). This result is attributed to the contact between the old and new concrete surfaces used in the
numerical simulation model. This study adopted the tie constraint contact to simulate the contact
between the old and new concrete surfaces, which did not well reflect the real contact as observed in

the test. Unfortunately, no information regarding the mechanical properties of such contact is
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available in the literature. The contact between old and new concrete of different strengths needs to
be improved in further studies. In addition, the simulations of hysteretic curves of Specimens D6-
GR-S-T100 and H4-GR-T100 were stopped at the peak load with 2% and 1.5% DR, respectively, as
shown in Figs. 17(a) and 17(c) because running the full hysteretic curves was computationally very
intensive, and also because of the limitation of the current concrete material model which does not

necessarily yield good post-failure representations as discussed above.
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Fig. 18. Comparison of failure modes between experiment and numerical simulation of Specimens
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Fig. 19. Tensile stress in GFRP reinforcements: (a) dry joint and (b) monolithic joint (unit: MPa).
It can be seen in Figs. 18(a) and 18(b) that the numerical model successfully captured the failure
patterns of the dry joint D6-GR-S-T100. In the experimental results, the cracks mainly developed in
the middle joint of the CEP while there were no visible cracks at the top and bottom zones. The data
of strain gauges in the previous studies [1, 3] illustrated that shear and tensile cracks governed the
main failure of this type of dry joint. This finding was consistent with the data from the numerical
model, as shown in Fig. 18(b). It can be seen from the numerical results that shear stress firstly
occurred in the middle zone of the CEP and then they extended. The tensile stress of GFRP stirrups
and longitudinal reinforcements did not reach their nominal tensile strength (approximately 1,259

MPa), as shown in Fig. 19(a). It means the shear failure of concrete in the middle zone of CEP
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governed the main failure of the dry joint (D6-GR-S-T100). This result is different from the findings
of the previous studies [51, 65] which adopted the model of the monolithic joint for the precast joint

and concluded that the strut-tie failure governed the main failure of this type of dry joint.

For the monolithic specimen, the damage contours of the numerical model also well predicted the
failure modes of the monolithic specimen (M2-GR), as shown in Figs. 18(c) and 18(d). More severe
damage was observed in the joint area and at the fixed-end of the beam due to the shear stress and the
bending stress/concrete crushing, respectively. In addition, since the tensile stress of the GFRP
reinforcements in the specimens did not reach their nominal tensile strength (see Fig. 19(b)), concrete

governed the main failure modes of both the monolithic and dry joints.

Similar to the dry and monolithic joints, the concrete failure is the primary failure mode of the hybrid
joints. The numerical model also successfully captured the failure patterns of Specimen H4-GR-T100,
as shown in Figs. 18(e) and 18(f). The inclined cracks appeared in the joint area due to the shear stress
as illustrated in Fig 18(f). In addition, the numerical results indicated that the concentrated
compressive stress caused the concrete crushing at the fix-end and the concrete spalling at the bottom
zone of the CEP (see Fig 18(e)). For instance, the maximum compressive stress of concrete at the
fixed-end was 58.8 MPa which reached the compressive strength of concrete (59.1 MPa). The results

of numerical simulations are consistent with the observed failures of the hybrid joint in Section 3.1.

4.2 Effect of concrete-end-plate thickness

The above comparisons between experiment and numerical simulation results have proven the
reliability of the numerical model and thus it is used to examine the effects of the CEP thickness on
the structural behaviour. The model of Specimen D6-GR-S-T100 was used as a reference dry beam-
column joint. Numerical models of six specimens which had a similar design but different CEP
thicknesses were built based on the model of the reference specimen. The thickness of the CEP was

chosen based on the height of the beam section. The numerical model of the tested specimen D6-GR-
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S-T100 was named as D7-T100, and the new numerical models with other CEP thicknesses were

named accordingly as detailed in Table 7.

Table 7. Description of specimens built on ABAQUS.

Axial Prestress

Name Thickness CEP/Beam Reinforcements Bolts forces forces
(mm) W) (kN)
D7-T100 100 0.7 GFRP Steel 65 35
D8-T150 150 1 GFRP Steel 65 35
D9-T200 200 1.3 GFRP Steel 65 35
D10-T250 250 1.7 GFRP Steel 65 35
D11-T300 300 2 GFRP Steel 65 35
D12-T350 350 2.3 GFRP Steel 65 35

Note: D7-T100 is the numerical model of D6-GR-S-T100.

4.2.1 Failure modes

Fig. 20 shows the shear stress distribution of the dry joints with different CEP thicknesses. Only the
failure modes of Specimens D7-T100, D9-T200, D11-T300, and D12-T350 were representatively
shown in this figure for brevity, as shown in Fig. 20. In general, the failure mode of the dry joint was
shifted from the CEP area (Specimen D7-T100) to the beam at the fixed-end (Specimen D9-T200)
when increasing the CEP thickness. However, if the CEP thickness was further increased, the failure
model changed again from the beam to the column (Specimen D11-T300). For example, the shear
failure in the middle zone of the CEP was the primary failure modes of Specimen D7-100 (see Fig.
20). When the CEP thickness increased from 100 to 200 mm, the shear stress in the middle zone of
Specimen D9-T200 was reduced as compared to Specimen D7-T100 due to increasing the thickness
of this section. The flexural failure and concrete crushing at the fixed-end of the beam became the
primary failure modes of Specimen D9-T200. This result was consistent with the failure mode of
Specimen PS4 reported in the previous study [3]. When the CEP thickness was 300 mm or more, the

failure shifted to the column. As can be seen clearly in Figs. 20(D11-T300) and 20(D12-T350), higher
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shear stress was observed on the column, compared to the CEP. This shear stress caused severe
damage on the column while almost no shear damage was recorded on the CEP. It means that if the
CEP thickness was sufficiently large, compared to the section’s height of the beam and the column,
the design principle of the strong column-weak beam may not be satisfied. Therefore, the CEP
thickness needs to be carefully chosen in the design process to avoid making the column the weaker

component in the structure.
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Fig. 20. Shear stress distribution on dry joints with different CEP thickness (unit: MPa).
Fig. 21 illustrates the principal compressive stress flow of the typical specimens. The distribution of
all compressive, tensile and shear stresses in the CEP of the dry joint was very complicated. Fig. 21
only shows stress flow of the compressive stress for demonstration. The compressive stress in the
middle zone of the CEP was quite small which did not reach the compressive strength of concrete.
Therefore, there was no compressive strut failure as suggested in the previous studies [51, 65]. For
instance, the maximum compressive stress of concrete in the middle zone of Specimens D7-100 and
D9-200 was 16 MPa and 19 MPa (see Figs 21(D7-T100) and 21(D9-T200)), respectively which is
significantly lower than the compressive strength of concrete (38.5 MPa). Hence, the compression
strut failure did not occur in these specimens. In addition, high compressive stress was observed in

the top and bottom zone of the CEP due to the effect of the prestress forces of the bolts. Steel spirals
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were utilized in these locations in the previous study [3] but the capacities of the dry joint were not
improved because the failure was not governed by compressive concrete at these regions either. The
compressive stress in the top and bottom zones of CEP (e.g., 26 MPa in Specimen D9-T200) was
lower than the nominal compressive strength of concrete. This finding explains why steel spirals were
not useful in this case. For the compressive stress flow on the column of dry joints, the stress
distribution was observed as in the joint area of the monolithic joint. A compressive strut was
generated in the column of the dry joint due to the compressive forces at the anchor of the bolts and
at the bottom left of CEP, as illustrated in Fig. 21. Interestingly, when the CEP thickness reached 300
mm, the direction of stress flow altered with no compressive strut in the middle zone of CEP due to

changing the failure mode from the beam to the column.
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4.2.2 Peak load and drift ratio

The CEP thickness significantly affects both the peak load and DR (see Fig. 22). As mentioned in the
introduction section, this dry joint was proposed based on the previous study of Saqan [51] who
reported that its DR and energy absorption were inadequate. The 1.5% maximum DR value recorded
in the previous study [51] was consistent with DR of Specimen D6-GR-S-T100 in the pull direction.
In the first stage of our project, the CEP thickness was intentionally increased up to 200 mm, which
was thicker than the CEP thickness of Specimen DB-TC in Sagan [51]. As a result, the maximum DR
increased from 1.5% to 3.0% as reported in the authors’ previous studies [1, 3, 19], which satisfied
the requirements of many standards (e.g., ASCE 41-17 [10] and CSA A23.3-07 [11]) for using in
seismic-prone areas. The DR of Specimen D9-T200 (3.5%) in the numerical simulation was slightly
higher than the result of the previous studies (3%) [3, 14] because GFRP reinforcements were used
to replace steel reinforcements which led to an increase of the DR, as explained in the monolithic

specimen of the above section (Section 3.4).

60
50
---------- EXP (D6-GR-S-T100)
40 = === EXP (M2-GR)
30 D7-T100
3
x D8-T150
- 20
g DY-T200
-
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Fig. 22. Comparison of the peak load and drift ratio.
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As mentioned in the previous section, increasing the thickness of the CEP results in improved
performance of the precast joint, but further increasing the CEP thickness may lead to an adverse
effect. As indicated in Fig. 22, there was an optimal value of the CEP thickness of approximately 200
mm. Based on the numerical results, the ratio of CEP/Beam= 1.3 (200-mm CEP thickness) was the
optimal value of the dry joint in this study. For instance, Specimen D9-T200 reached 3.5% DR while
increasing the CEP thickness up to 250, 300, and 350 mm caused a reduction of DR to 3.2%, 2.9%,
and 2.6%, respectively. This reduction is attributed to changing of the failure modes from the joint
and the beam to the column because the CEP made the beam and joint strong. The peak loads of the
precast joints increased with the CEP thickness. For example, when the CEP thickness was increased
from 100 mm to 150, 200, 250, 300, and 350 mm, the peak load also steadily increased from 17.8 kN
to 28.5,40.3,45.7, 51.1, and 55.3 kN, respectively. Meanwhile, both the peak load and ductility need
to be considered in the structural design under seismic loading. If a structure achieves a very high
peak load but shows a brittle failure, it is not suitable for use in seismic-prone regions. Based on this
perspective, the dry joint with the 200-mm CEP thickness was the best option in this study because
it achieved the highest DR, compared to other dry joints. Moreover, the peak load of Specimen D9-
T200 (40.3 kN) was higher than that of the corresponding monolithic joint M2-GR (37.8 kN) as
shown in Fig. 22. Therefore, the thickness ratio of CEP/Beam= 1.3 could be considered in the design
of this dry joint type. More studies are deemed necessary to enhance the understanding and further

confirm this suggestion.

5. Conclusions

A new hybrid joint was proposed in this study to improve the design of the dry beam-column joint
with a bulky CEP. The performances of the hybrid and dry joints were experimentally and

numerically investigated. The main findings can be summarised as follows:
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1. The hybrid joint showed sufficient capacities, compared to the monolithic joint. The energy
dissipation and the peak load of the hybrid joint were approximately 57% and 17% higher than the

reference monolithic joint, respectively.

2. Based on the experimental and numerical simulation results, the CEP thickness significantly
affects the dry and hybrid joint performances, such as failure mode, DR, peak load, and ED. In
addition, the numerical simulation results suggested that the thickness ratio of CEP/Beam= 1.3 was

an optimal value of the CEP thickness which could be considered in the design of this dry joint type.

3. GFRP bolts and reinforcements could replace the steel bolts and reinforcements to mitigate
corrosion damage. The application of GFRP in this study provided not only ductile failure but also

the great centring capability (smaller residual displacement).

4. The application of the modified concrete model well captured the failure mode up to the peak

load and the peak load of the precast joint with a marginal variation of 4.1-6.7%.

5. The numerical simulation results illustrated that the shear and tensile stress in the middle
zone of CEP mainly governed the joint failure of the dry joint. Therefore, the assumption in the

analytical model of the previous study [1, 2] was numerically confirmed.

In conclusion, this study proposes an alternative for designing precast concrete structures which could
not only reduce the construction cost but also offer more convenience in applying new technology

into the construction sector.
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