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ARTICLE INFO ABSTRACT
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Current demountable shear connectors predominantly use bolted connections through beam flange drilling, a
technique that may present challenges in material recyclability after the service life of a building. This study
introduces a novel non-embedded T-bolt shear connector, which incorporates an end plate positioned within a
channel embedded in the concrete slab, clamping the flange of the steel beam and the channel together. The
interaction utilizes serration teeth against the steel beam to enhance the shear resistance through friction. To
evaluate the shear performance, nine push-out specimens were conducted, focusing on variables such as the
strength of concrete, the dimension of bridge gasket and the diameter of bolt, and channel spacing. The load-slip
curves and failure modes were analyzed, and the demountability of connectors at different loading stages was
assessed. The results show that under normal usage and at ultimate load capacity, both the bolt and concrete slab
remained elastic, with minimal strength reduction observed during subsequent load applications. A new formula
for calculating the shear resistance of the T-bolt shear connector is proposed, providing a theoretical foundation

for further development of dismountable shear connectors in construction applications.

1. Introduction

Combining the superior tensile properties of steel with the excellent
compressive characteristics of concrete, steel-concrete composite
structures have seen extensive application in infrastructure and bridge
construction over recent decades. However, these structures face sig-
nificant sustainability challenges, particularly at the end of their service
life, which typically spans 50 years. The disposal of demolished rein-
forced concrete, which does not naturally decompose, is problematic
and generally involves burial.

To address these issues, demountable prefabricated structures have
been developed. These structures utilize bolted connectors, allowing for
the disassembly and reuse of components, aligning with global trends
towards environmental sustainability. Components of these demount-
able structures include reinforced concrete slabs and beams, and bolted
shear connections.

Research efforts have focused on enhancing demountability in steel-
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concrete composite slabs through modifications to beam structures, bolt
arrangements, and slab designs [1-3]. Pavlovi¢ et al. [4] conducted
experimental studies on high-strength bolted shear connectors,
comparing their failure modes, ultimate strength, rigidity as well as
ductility, and proposed a shear reduction coefficient for these connec-
tions. Xiong et al. [5] introduced a bolt shear connection, which can be
easily assembled and dismantled in composite beams, validated via a
nonlinear finite element model in Abaqus software, and explored the
impacts of bolt diameter and strength grade on shear capacity and
stiffness. Fang et al. [6] highlighted limited research on steel-UHPC
structures with HSFGB shear connectors, undertaking push-out tests to
investigate the influence of concrete strength and bolt variables on
connector performance. Hosseinpour et al. [7] conducted full-scale tests
on U-shaped shear connectors and found that connector strength in-
creases with bolt diameter and steel beam thickness. Shakarami et al. [8]
assessed the friction clamp bolt shear connectors, noting the critical role
of bolt and steel thickness in shear capacity and ductility. Yang et al. [9]
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Fig. 1. Schematic diagram of a novel T-bolt shear connector.

Fig. 2. Installation process of specimen in practical engineering.

Table 1
Details of test specimens.

Name Specimen number T/mm M/mm C/MPa S/mm
TC 1 TC1-D200-M16-C40-S70 200 16 C40 70
TC 2 TC2-D200-M20-C40-S70 200 20 C40 70
TC 3 TC3-D200-M24-C40-S70 200 24 C40 70
TC 4 TC4-D250-M20-C40-S70 250 20 C40 70
TC 5 TC5-D300-M20-C40-S70 300 20 C40 70
TC 6 TC6-D200-M20-C20-S70 200 20 C20 70
TC 7 TC7-D200-M20-C30-S70 200 20 C30 70
TC 8 TC8-D200-M20-C40-S50 200 20 C40 50
TC 9 TC9-D200-M20-C40-S90 200 20 C40 90

examined multi-bolt connectors and observed reduced shear resistance
in multi-row arrangements compared to single-row configurations. Zhu
et al. [10] proposed a notched steel plate shear connector, which can
enhance the shear capacity with increased plate dimensions and vali-
dated these findings against established codes [11,12]. Wang et al. [13]
introduced a UHPC rubber sleeve stud connector and demonstrated its
superior performance through push-out tests. They proposed a formula
for predicting connector stiffness. Zhan et al. [14] investigated T-shaped
through-band rib shear connectors and proposed a predictive equation
for shear-tension behaviour based on rib geometry and hole configura-
tions. Despite these advancements, the need for flange drilling in steel
beams causes stress redistribution and concentration, reducing beam

capacity and complicating construction and demountability, especially
after minor deformations. Chen et al. [15] explored through bolts as
shear connections to address these challenges and studied the effects of
various mechanical and contact properties on the shear performance of
the connectors. Ataei et al. [16] proposed a novel demountable shear
connector for prefabricated CFS structures, evaluating its performance
and concluding that bolt diameter significantly impacts shear capacity.
Song et al. [17] explored tapered iron bolt shear joints, developing a
design equation for predicting failure modes and shear strength. He et al.
[18] introduced a "locking bolt" demountable shear connector, which
exhibited high shear performance and comparable stiffness to tradi-
tional welded studs. Cui et al. [19] conducted experiments on
steel-multilayer concrete structures with embedded stud bolts, finding
that double-layer slabs and swarm effects reduce shear performance,
with stud diameter and yield strength significantly influencing behav-
iour. These studies advance the understanding and development of
demountable composite beam connections, promoting sustainability in
construction.

In summary, the prevailing design of demountable shear connectors
typically involves one end of the bolt embedded in the concrete slab,
with the other end connected through drilled holes in the beam flange.
This configuration allows for partial disassembly of the specimen but
impedes the complete dismantlement and subsequent reuse of the
structural components of a composite floor. This paper presents a novel
type of non-embedded demountable shear connector, illustrated in
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Fig. 3. Details of push-out specimen.

Fig. 4. Details of channel and connectors.
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Fig. 5. Coupons test.

Table 2
Material properties of concrete.
Concrete Test block fec MPa Average fem MPa E. MPa
strength number value MPa
C20 CS 1 23.1 22.6 1.9 26771
CS 2 22.1
CS 3 22.7
C30 CS 4 33.6 33.1 2.4 30785
CS 5 35.1
CS 6 30.7
C40 CS 7 43.4 43.5 2.8 33359
Cs 8 44.0
Cs 9 43.2

Note: f,. is the compressive strength of concrete cube specimens; f;., is the tensile
strength of concrete; and E, is the elastic modulus of concrete.

Table 3

Material properties of steel.
Type of steel Es GPa fy MPa € % fu MPa A%
Q355 5mm 206.3 366.2 0.1775 469.8 7.8
Q355 8mm 209.4 357.3 0.1706 529.9 6.6
Q355 10mm 203.3 362.0 0.1781 525.0 7.7
HRB400 12mm 202.5 405.1 0.20 627.13 7.2
HRB400 8mm 201.4 403.8 0.20 619.3 7.3

Note: Egs is the elastic modulus of steel; f, is the yield strength; €, is the yield
strain; f, is the ultimate tensile strength; and A is the elongation after fracture of
the specimen.

Fig. 1. The main components include a reinforced concrete slab, shear
connectors and a steel beam and two rows of channels on the concrete
slab. The assembly process involves inserting the end plate into the
channel after attaching it to the bolt, followed by securing the steel beam
and concrete slab with a bridge gasket. Note that in practical engi-
neering, before installing the shear connector, the end plate, gasket,
bridge gaskets, and nuts are assembled and then slid into the C-shaped
channel, as illustrated in Fig. 2. The end plate is then positioned by
adjusting the screw location on the steel beam. As a result, this
connector is suitable for beam slabs of varying widths, including those
exceeding 2 m. To assess the detachability and safety of this new
connector, nine sets of push-out tests were conducted, including sec-
ondary loading to evaluate the effects of channel spacing, bolt diameter,

Fig. 7. Loading scheme.

Fig. 6. Experimental setup.
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Fig. 8. Typical failure process of specimens.

Fig. 9. Conditions of concrete slabs after disassembly.
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Fig. 10. Four-stage load-slip curve of T-shaped shear connectors.

concrete strength, and bridge gasket width on the shear capacity and slip
performance. Additionally, the strain on the upper and lower channels
and the steel reinforcements was analyzed to further investigate the
detachability of the specimen under normal and ultimate load condi-
tions. Finally, a theoretical formula was derived in accordance with
existing codes to accurately predict the performance of the connector.

2. Experimental program
2.1. Specimen design

To investigate the shear behaviour of the novel shear connector in
composite beams, as depicted in Table 1, nine push-out specimens are
experimentally studied in accordance with Eurocode 4 [12]. The con-
crete slab has the size of 650 mm 540 mm 130 mm, and three
different concrete strength, such as C20, C30, and C40, are considered.
The H-shaped steel beam and channel are made of Q355 steel, and the
detailed three-dimensional dimensions of the steel beams, channels and
shear connectors are provided in Fig. 3 and Fig. 4. Three different bolt
diameters (M16, M20, and M24) are considered in the analysis. Since the
friction coefficients between the steel and concrete, as well as steel and
steel, are consistent in the experiment, this study considers the impact of
varying bridge gasket widths (contact area) on the shear performance of
the connector. The longitudinal reinforcements and stirrups used are
HRB400 hot rolled ribbed steel reinforcements with the diameter of
12 mm and 8 mm. Here, the variable parameters included the space of
the channel (represented by D), T-bolt diameter (represented by M),
concrete slab strength (represented by C) and width of the bridge gasket
(represented by S).

2.2. Material properties

Three groups of compressive tests were carried out to establish the
concrete strength according to GB/T 50081-2002 [20], as shown in
Fig. 5(a). The tensive test of HRB400 steel reinforcements in the diam-
eter of 8 mm and 12 mm and Q355 steel plates were carried out in
accordance with GB/T 228.1-2010 [21], as depicted in Fig. 5(b), From
the results of experiment, the compressive strength of C20, C30, and C40
are 22.6 MPa, 33.1 MPa, and 43.5 MPa, respectively. The Q355 steel
plates exhibit yield strengths of 366.2 MPa (5 mm), 357.3 MPa (8 mm),
and 362.0 MPa (10 mm), respectively. Additionally, the HRB400 steel
reinforcements have yield strengths of 403.8 MPa (8 mm) and
405.1 MPa (12 mm). The detailed material properties of both concrete
and steel are provided in Tables 2 and 3.

2.3. Experimental setup

In this study, a 5000 kN hydraulic testing machine is employed for
loading the specimens. Before the push-out test, the torque of the bolt is
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applied according to GB50017-2017 [24]. Fig. 6 illustrates the experi-
mental setup of the push-out test. The testing procedure involves several
steps: initially, a 3 mm displacement is applied to the specimen, fol-
lowed by unloading to zero. Subsequently, the specimen is loaded to
40 % of its ultimate load, and then unloaded to zero again. Finally, the
specimen is loaded until it fractures. More details of loading scheme are
depicted in Fig. 7.

3. Experimental results and analysis
3.1. Failure mode

The push-out test results demonstrate failure primarily due to rela-
tive slippage between the slab and the steel beam, indicating that the
maximum anti-slip shear capacity of the specimens is achieved. The
failure mechanism progresses through several distinct stages:

(1) Elastic Phase: During the initial stage, the load applied to the
specimen increases proportionally to the displacement, representing
elastic behaviour. The system remains linear up to approximately 60 %
of the peak load.

(2) Onset of Non-linear Behaviour: At around 60 % of the peak load,
the lower shear connector begins to rotate clockwise, as shown in Fig. 8
(a). This marks the transition to non-linear behaviour, which results in a
noticeable inflection point in the shear capacity curve, indicating that
the rate of increase in shear capacity is slowing down.

(3) Cracking Initiation: Simultaneously, small cracks start to form
along the C-shaped channel where it interfaces with the concrete, as
depicted in Fig. 8(b). These cracks propagate upwards from the channel
studs towards the upper part of the concrete slab (Fig. 8(c)).

(4) Formation of Oblique Crack: As loading continues, an oblique
crack forms within the concrete slab, originating near the lower corner
of the bridge gasket. The crack extends at an angle of about 15 relative
to the channel. This crack propagates as the load increases, and it con-
tinues until the specimen reaches its peak load.

(5) Post-Peak Load and Stabilization: After reaching the peak load,
the load starts to decrease. When the load falls to 80 % of the peak load,
the friction coefficient at the interface between the steel beam and the
bridge gasket is effectively restored. This results in a stabilization of the
shear strength, ultimately leading to the specimen reaching its ultimate
slip state.

After disassembly of specimens, obvious scratches caused by relative
slip is found on the surface of channel, the bridge gasket, and steel beam,
as shown in Fig. 8 (d)- (f). The condition of the concrete slab of all
specimens after disassembly is depicted in Fig. 9. Clearly, no significant
deformation or serious cracks are found in the concrete slab, indicating
the reusability of concrete slab.

3.2. Load-slip curves

3.2.1. Characteristics of load-slip curves

During the test, all T-bolt shear connectors followed a similar failure
process, as depicted in Figs. 10 and 11. Using specimen TC2-D200-M20-
C40-S70 as an example, the failure process can be generally divided into
four stages:

(1) Static friction stage (OA): At this stage, the initial stiffness of the
shear connector is high, and the specimen remains in the elastic stage
with minimal cracking of concrete.

(2) Wear shear capacity growth stage (AB): When the load of the
specimen reaches about 60 % of its peak load, the increase in shear
capacity starts to decelerate. This is due to the continuous wear of the
tooth marks of the bridge gasket with increasing slip.

(3) Rotation and decline stage, (BC): After the specimen reaches the
peak load, the bridge gasket rotates inward. This causes the load of the
specimen to decline until it reaches point C.

(4) Stable shear capacity stage (CD): After point C, unlike typical
shear connectors that fail by fracture, the T-bolt shear connector exhibits
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Fig. 11. Load-slip curves.
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Fig. 12. Comparison of ductility among various specimens.
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Fig. 13. Comparison of stiffness among various specimens.

further deformation capability. As the slip continues to increase, the
interface interaction between the steel beam and the bridge-shaped
gasket eventually reaches a stable state. This stabilization ensures that
the shear capacity remains consistent, even as the system undergoes
further deformation. The interaction between the steel and gasket, once
stabilized, allows the specimen to maintain its shear resistance up to the
point of ultimate slip, which is referred to as point D. This indicates that
the shear connector possesses excellent residual strength, with the shear
capacity remaining constant.

3.2.2. Effect of various parameters on the load-slip curves

For better understanding the effects of various parameters on the
load-slip curves, the shear stiffness, ductility, and energy dissipation are
compared, as depicted in Figs. 12-15 and Table 4. Note that the stiffness
at the 50 % peak point is selected, and the equivalent yield point and
failure point are taken as 0.95 times before (Point A) and after (Point C)
the peak load [22], respectively, as shown in Fig. 14. Energy dissipation
is represented by the shadow area under the load-slip curve, as depicted

Structures 69 (2024) 107497

Fig. 14. Definition of stiffness, ductility, and energy dissipation.

in Fig. 14. To evaluate the deformation capacity of the structure, the
ductility coefficient, is defined according to Refs. [22,26], as shown in
Eq. (1).

Ay

p a, (@)

Where A, is the ultimate displacement of the specimen; A, is the yield
displacement of the specimen.

Given the limit of the ultimate slip in engineering structures, the
ultimate displacement is set at 20 mm [23].

Fig. 15(a) illustrates the effect of the channel spacing on the shear
behaviour of shear connections. During the static friction phase, the
load-slip curves of all specimens are quite similar. However, once the
bridge washers begin to slide and slip increases, a notable difference
emerges based on the channel spacing. Specimens with smaller channel
spacings show a faster load growth and achieve higher peak loads,
greater energy dissipation, and improved stiffness. This behaviour is
primarily attributed to the enhanced group effect of the bolts when
channel spacing is reduced. For instance, reducing the channel spacing
from 400 mm to 200 mm results in a 62.89 % increase in peak load,
from 140.49 kN to 228.85 kN. Additionally, the stiffness and energy
dissipation improve by 55.07 % and 56.77 %, respectively. Thus,
reducing channel spacing can significantly optimize the shear force
transfer, leading to better overall performance in shear connections.

Fig. 15(b) illustrates the impact of concrete slab strength on the load-
slip behaviour of shear connections. During the static friction phase,
specimens with C20 concrete exhibited a lower load growth rate
compared to those with C30 and C40 concrete. The peak load for C20
concrete is approximately 70.86 % of that for C30 concrete. Interest-
ingly, the load-slip curves for C30 and C40 concrete are quite similar,
displaying comparable peak loads and overall shear performance. This
suggests that increasing concrete strength beyond C30 does not signifi-
cantly improve the shear capacity. Thus, the effect of concrete strength
on load-slip behaviour plateaus after reaching C30, with minimal impact
from further strength increases.

Fig. 15(c) illustrates the impact of increasing the bolt diameter from
16 mm to 24 mm on T-shaped bolted shear connections. This change
results in: a 126.75 % increase in stiffness, a 110.81 % increase in en-
ergy dissipation capacity, and a 71.43 % increase in ultimate load. The
observed improvements are primarily due to the enhanced overall
stiffness and increased preload provided by the larger bolts. Conversely,
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Fig. 15. Effect of different parameters on the load-slip curves.

Table 4

Shear performance of specimens.
Specimen Peak Initial Stiffness Energy Ductility
number load slip (kN/ dissipation (J) (D)

(kN) (mm) mm)

TC1-D200- 156.95 2.80 5.87 2428.17 4.20
M16-C40-S70
TC2-D200- 228.45 5.09 10.56 4150.75 4.43
M20-C40-S70
TC3-D200- 269.06 5.19 13.31 5119.05 5.43
M24-C40-S70
TC4-D250- 171.37 7.05 8.24 3101.23 5.73
M20-C40-S70
TC5-D300- 140.49 3.28 6.81 2647.74 6.69
M20-C40-S70
TC6-D200- 211.87 3.20 7.60 2938.34 5.81
M20-C20-S70
TC7-D200- 222.37 2.39 10.58 4074.67 3.87
M20-C30-S70
TC8-D200- 153.39 3.02 7.48 2922.43 291
M20-C40-S50
TC9-D200- 206.9 3.07 13.01 2935.37 4.75
M20-C40-S90

specimens with a M16 bolt diameter (TC2 and TC3) showed a notable
reduction in bearing capacity after the peak load. This reduction is
attributed to excessive rotation of the bridge washer. As the bolt

diameter increases, the post-peak load decrease in the curves slows
down under greater preload conditions, leading to improved ductility of
the specimens. Specifically, the ductility increases by 22.57 % when the
bolt diameter is increased from M20 to M24.

Fig. 15(d) illustrates the impact of varying bridge gasket widths on
the load-slip behaviour of shear connectors. Increasing the bridge gasket
width (contact area) from 50 mm to 70 mm significantly enhances the
ultimate strength of the shear connectors. This demonstrates the positive
influence of gasket size (contact area) on the mechanical performance
(friction force) of the connections. Further increasing the gasket size to
90 mm results in decreased shear performance. This decline is primarily
due to the lack of a significant increase in bolt preload with unchanged
bolt sizes, combined with a constant nut size, which limits the effective
shear load transfer. As the gasket size (the contact surface area) in-
creases, the clamping force (stress) decreases due to the constant total
preload. This reduction in stress makes the gasket more susceptible to
rotation under vertical loading, thereby diminishing shear performance.

Given these observations, it is recommended to limit the width of the
bridge gasket to a maximum of 70 mm when the bolt diameter does not
exceed 20 mm. This ensures optimal performance while avoiding
reduced shear capacity.

To comprehensively compare the shear performance of T-bolt shear
connectors under different parameters, a radar chart for the shear per-
formance of each parameter is drawn, as shown in Fig. 16. As a refer-
ence, each value of parameters of the standard specimen TC2 is set to 1.



W. Liet al.

Peak loads

Detachable
performance

Ductility

TC1-D200M16-C30-S70

TC2-D200-M20-C30-S70

TC3-D200M24-C30-S70 o
Energy disspation

(a) Bolt dianeter

Peak loads

Detachable
performance

Ductility

[—&—T(C2-D200-M20-C40-S70
[—8—TC6-D200-M20-C20-S70
[—&—TC7-D200-M20-C30-S70

Energy dissipation

(c) Concrete strength

Extreme
slippage

Stiffness

Extreme
slippage

Stiffness

Detachable
peformance

Ductility

TC2-D200-M20-C40-570
TC4-D250-M24-C40-570
TC5-D300-M20-C40-570

(b) Channel spacing

Detachable
performance

Ductility

[—&—TC2-D200-M20-C40-S70|
[—&—TC8-D200-M20-C40-S50|

|—@—TC9-D200-M20-C40-S90|

(d) Bridge gasket width

Peak loads

Energy dissipaton

Peak loads

Energy dissipation

Fig. 16. Statistical analysis of shear performance.

10

Extreme
slippage

Stiffness

Extreme
slippage

Stiffness

Structures 69 (2024) 107497



W. Liet al.

Structures 69 (2024) 107497

Fig. 17. Load-strain curves of channel and steel reinforcement.

Ultimate shear capacity (peak load), stiffness, energy dissipation,
ductility, ultimate slip, and demountable behaviour are normalized by
dividing the test result of specimen TC2. Note that the demountable
performance is represented by the reciprocal of the total disassembly
time.

As shown in Fig. 16, increasing the bolt diameter, or decreasing the
channel spacing can effectively enhance the shear performance of the
specimens. The improvement in shear performance due to the grade of
concrete slab strength is limited, with concrete slabs of C20 or C30 grade
being sufficient to resist shear forces. The optimal cross-section size for
the bridge gasket is 70 mm. Increasing the size to 90 mm results in a
reduction in shear capacity, as larger gaskets can lead to decreased
performance due to less effective load transfer and reduced clamping
force.

3.3. Strain variation of C-shaped channel and steel reinforcement

Fig. 17 describes the strain variation of the steel reinforcement and
C-shaped channels in the precast concrete slab. Note that the average
tensile yield strain of steel, ey, is defined as 1775pe, which corresponds
to these established from material test, as shown in Table 3. The normal
usage load, P,, of the specimen is defined as 0:4P, where P, is the
ultimate load of the specimen [12].

11

At the initial stage of loading, the bolt pretension provides shear
resistance primarily through static friction, and during this phase, the
strain in the reinforcing bars and channels remains minimal and nearly
identical. As loading progresses, the strain growth rates of the upper and
lower channels generally follow similar trends, except for a few cases.
Specifically, for specimen TC1-D200-M16-C40-S70, the smaller bolt
diameter causes the strain in the lower channel to surpass that in the
upper channel as the load increases. This results in the bridge washer in
the upper channel rotating, thereby increasing the force and strain in the
lower channel. For specimen TC3-D200-M24-C40-S70, the strain in the
upper and lower channels shows similar growth trends, with no signif-
icant deviation noted. For specimen TC8-D200-M20-C40-S50, the sig-
nificant difference in the strain curves between the upper and lower
channels is attributed to the smaller area of the bridge washer. When the
load reaches the peak load for the upper channel, the nut on the bridge
washer loosens. This action reduces the strain in the upper channel and
simultaneously increases the force and strain in the lower channel. In
summary, variations in bolt diameter and bridge washer size signifi-
cantly impact the strain distribution and shear behavior of the
specimens.

As shown in Fig. 17, the steel reinforcement and the channel do not
reach their yield strain, which indicates that the failure of the T-shear
connector does not result in residual deformation of the main channel
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Fig. 17. (continued).

12
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Fig. 18. Disassembly steps.

Table 5
Removable performance evaluation.

Specimen Apply Uninstall maximum Total disassembly

number torque torque (N m) time (min)
N m)

TC1-D200-M16- 93.6 94.51 12

C40-S70

TC2-D200-M20- 182 203.25 14

C40-S70

TC3-D200-M24- 304.2 351.20 16

C40-S70

TC4-D250-M20- 182 200.21 16

C40-S70

TC5-D300-M20- 182 189.3 10

C40-S70

TC6-D200-M20- 182 201.30 15

C20-S70

TC7-D200-M20- 182 215.36 17

C30-S70

TC8-D200-M20- 182 205.62 15

C40-S50

TC9-D200-M20- 182 190.30 13

C40-S90

and concrete slab. Therefore, replacing the T-shear connector can ach-
ieve reusability of the system, maintaining the structural integrity and
superior performance of specimens.

4. Detachability and reusability analysis
4.1. Detachability analysis

In this work, the detachability analysis is performed using normal
conditions. Taking specimen TC6-D200-M20-C20-S70 as an example,
the disassembly process is as follows, as depicted in Fig. 18:

(1) After specimen failure, the diagonal bolt is disassembled using a
torque wrench.

13

(2) Under the influence of the steel beam’s self-weight, the bridge
gasket, which is an integral part of the shear connector, becomes sepa-
rated from the steel beam.

(3) Remove the nut, and then take out the bridge gasket.

(4) Remaining shear connector is sided out of the channel.

The demountable torque applied in the test is shown in Table 5. Due
to the deformation and relocation of the shear connector during the
loading process, the demountable torque applied in the test is generally
higher than the initial applied torque.

4.2. Reusability analysis

Following the detachability process, eight new shear connectors are
used to reassemble the push-out specimens. These specimens are then
subjected to a secondary loading phase, with all other parameters kept
unchanged. The comparative analysis of the load-slip curves for each
specimen, as illustrated in Fig. 19, shows a high level of similarity be-
tween the initial and secondary loading conditions. Notably, the
decrease in peak load is minimal, suggesting that the initial loading does
not significantly impair the ultimate shear capacity of the specimens.

The ratio of the first peak load, P;, of specimens to the secondary
peak load of specimens, Py, ranges from 0.97 to 1.11, demonstrating that
the specimens possess excellent reusability. This suggests that the T-bolt
shear connectors can be effectively replaced without significantly
compromising the structural integrity and load-shear performance of the
connections.

5. Design recommendations
5.1. Current specifications

Currently, some models have been provided for the prediction of the
shear ultimate strength of bolted shear connectors. Table 6 and Fig. 20
summarize the comparison of the shear capacity between various
models and test data. Clearly, there is a significant discrepancy between
the prediction results of the various specifications and the test results.
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Fig. 19. Comparison of load-slip curves of specimens in the first and secondary loading.

This discrepancy is primarily attributed to the fact that the shear ca-
pacity in the test is influenced by the friction force of the shear con-
nectors, which differs from the shear connectors in previous studies that
relied on bearing capacity. This fundamental difference in the mecha-
nism of shear capacity highlights the need for optimization of existing
formulas to accurately reflect the test conditions and improve prediction
accuracy.

5.2. Prediction for ultimate shear strength

The experimental results indicate that the strength of the concrete
has a negligible effect on the shear capacity of the specimens. Since the
friction force is the primary contributor to the shear resistance of the
shear connector, this study does not examine the influences of the steel
beam strength, C-channel dimensions, and the thickness of the beam
flange on the overall performance. According to the results of the push-
out test and current specifications, this study presents an improved
formula for predicting the shear resistance of novel T-bolted shear
connectors, as demonstrated in Eq. (2).

uD,P.nsap (2)

Pstudy

Where Py,q4, is the shear capacity, | is the friction coefficient among
the interface of the bridge gasket and the flange of the beam, and it is
suggested as 0.12 based on the experimental results in Refs. [22,24], D,
is the average ratio of the preload of the bolt to the bolt preload specified
in GB50017-2017 [24], P, is the pre-tightening force of bolt in line with
GB50017-2017 [24], n; is the group of shear connectors, « is the ratio of

14

the spacing of channel to the standard value (200 mm); and § is the ratio
of the bridge gasket width to the standard value (70 mm).

To verify the proposed model in Eq. (2), the test results is utilized for
the comparison. It is worth noting that T-bolted shear connectors are
replaced with one shear stud for the prediction of the capacity based on
current specifications. As shown in Fig. 20 and Table 7, the proposed
model aligns well with experimental results, as shown by an average
predicted-to-test data ratio of 0.99, and the standard derivation is only
0.05. Hence, the proposed model in Eq. (2) can effectively estimate the
shear capacity of this novelty non-embedded T-bolt shear connector in
composite beams.

6. Conclusion

In this study, a shear connector suitable for connecting composite
beams is proposed and its performance is experimentally investigated
through push-out tests. The study explores the influences of various bolt
diameters, channel spacings, concrete strengths, and bridge gasket sizes
on the shear capacity. Additionally, to assess their reusability, the
specimens are subjected to secondary loading. The following conclu-
sions can be drawn based on the experimental results:

(1) The failure of friction force between the flange of the beam and
the bridge gasket in T-bolt shear connectors is the primary failure mode.

(2) The load-slip curve of the T-bolt shear connector can be char-
acterized by four stages: Static friction stage, Wear and shear capacity
growth stage, Rotation and decline stage, and Stable shear capacity
stage.

(3) Increasing the bolt diameter or decreasing the channel spacing
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Fig. 19. (continued).
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Table 6
Different models for the bearing capacity of shear connectors. 2l © o & o o w o ® o
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Fig. 20. Comparison of the shear capacity between existing models and —
tested results. 5 T Y T SN S S ST
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enhances shear performance. Improvements in concrete slab strength
have a 'hmlted effect on shear capacity. The optimal size for the bridge izlg © 2 9 5 = 5 ¥ g =@n
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(4) The steel reinforcement and the channel do not reach their yield E
strain, which indicates that the failure of the T-shear connector does not s -
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