kT buildings

Article

Shear Performance of Demountable High-Strength Bolted
Connectors: An Experimental and Numerical Study Based on
Reverse Push-Out Tests

Peng Deng "2, Zhi-Wei Niu 2, Yu-Hao Shi 2, Yan Liu "** and Wen-Long Wang 3

check for
updates

Citation: Deng, P; Niu, Z.-W.; Shi,
Y.-H,; Liu, Y.; Wang, W.-L. Shear
Performance of Demountable
High-Strength Bolted Connectors: An
Experimental and Numerical Study
Based on Reverse Push-Out Tests.
Buildings 2024, 14, 1052. https://
doi.org/10.3390/buildings14041052

Received: 9 March 2024
Revised: 31 March 2024
Accepted: 8 April 2024

Published: 9 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Shandong Provincial Key Laboratory of Civil Engineering Disaster Prevention and Mitigation,
Shandong University of Science and Technology, Qingdao 266590, China

College of Civil Engineering and Architecture, Shandong University of Science and Technology,
Qingdao 266590, China

Caoxian Highway Development Center, Heze 274000, China

*  Correspondence: skd990583@sdust.edu.cn; Tel.: +86-13864811279

Abstract: Steel-concrete composite beams, essential for large-span structures, benefit from connectors
that reduce cracking at the supports. The crack resistance and alignment with sustainable building
trends of high-strength bolted connectors have been extensively researched. Nevertheless, only a few
studies exist on their load-slip behavior in hogging sections. In this study, the shear performance of
high-strength bolted connectors subjected to tension due to hogging moments was studied based
on experiments and numerical modeling according to numerous reverse push-out tests. The results
revealed that tensile and splitting cracks were produced in the concrete. Their distribution was
affected primarily by the concrete strength and bolt diameter; this distribution became denser at
decreasing concrete strengths and increasing bolt diameters. Subsequently, an analysis of the out-of-
plane displacement and load—slip response was performed to investigate the phenomenon of anchor
rod sliding. A cost-effective and time-efficient finite-element (FE) model was developed to investigate
the internal microstates of the specimens. It revealed a correlation between bolt cracking, specimen
hardening, steel yield, and failure. A correction factor is also proposed for the shear capacity of
bolts within concrete subjected to tension. The findings offer insights into the load—slip response
of high-strength bolted connectors subjected to hogging moments, aiding in safer, more durable
supports for steel-concrete composite beams.

Keywords: hogging moments; reverse push-out; concrete under tension; high-strength bolts; sliding
connector; shear capacity; crack resistance

1. Introduction

Steel-concrete composite beams are extensively used in large-span bridges and build-
ings because of their excellent cross-sectional properties. However, the concrete at the
support, which is subjected to hogging moments, is prone to tension-induced cracking,
posing a threat to the structure’s durability and stiffness. Addressing this concern com-
monly involves the enhancement of the concrete properties in the tensile zone to elevate its
cracking load and reduce the occurrence rate and crack widths. Illustrative engineering
approaches include the use of prestressed concrete [1-3], fiber-reinforced concrete [4,5],
engineered cementitious composites [6], ultrahigh-performance concrete [7,8], and the
incorporation of high-performance concrete overlays utilizing a wire mesh atop conven-
tional concrete slabs [9]. Another practical measure involves modifying the form of the
shear connectors. Conventional headed studs welded to steel girders are in direct contact
with both the concrete and the girder, which renders the concrete susceptible to tension
cracking. Consequently, connectors have been developed to enable sliding between the
steel girder and concrete slab, thereby relieving tension stresses in the concrete subjected to
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hogging moments. Nie et al. [10] and Li et al. [11] proposed three new uplift-restricted and
slip-permitted connectors—that is, a sliding-type, T-shape, and screw-type—that could
improve the crack resistance of concrete slabs without weakening the overall stiffness
and ultimate capacity of the composite beams. Su et al. [12,13] investigated the effects of
rubber-sleeved stud connectors using experiments and simulations and concluded that
these connectors exhibited limited interactions and could reduce the risk of cracking with
little or no impact on the shear strength. High-strength bolted connectors with sliding
characteristics could also relieve tensile stresses in concrete. Hogging moment tests [14,15]
have demonstrated that composite beams with high-strength bolted connectors displayed
enhanced crack resistance compared with their counterparts with conventional welded
studs. Thus, high-strength bolted connectors that can transmit forces by sliding through
installation apertures should be examined for their potential to suppress concrete cracks
when subjected to hogging moments.

In addition to their aforementioned benefits of crack resistance, the ease of decon-
struction and installation of bolted connectors that align with sustainable development
and prefabricated building trends has resulted in increased attention on the use of bolted
connectors in recent years. Consequently, extensive studies have been undertaken on bolted
connectors. Push-off tests conducted by Dai et al. [16] demonstrated that deconstructable
threaded stud connectors exhibited bearing capacities similar to those of welded studs.
Ataei et al. [17] further demonstrated that composite beams incorporating high-strength
bolted connectors exhibited greater ductility compared with those featuring conventional
welded studs. Using single-shear connector tests, Kwon et al. [18] concluded that post-
installed, high-strength bolted connectors had superior fatigue strength compared with the
strength of welding studs.

Two main types of high-strength bolted connectors are shown in Figure 1. Both tend
to transmit shear forces due to the generated friction by applying pretension to the high-
strength bolts. This frictional transfer mechanism enables a composite beam with a partial
shear connection to achieve an initial stiffness close to that of a beam with a full shear
connection [17]. Sliding occurs when the interface shear exceeds the maximum friction,
and stops when the bolted shank is obstructed by the hole wall. This can be summarized
in the “full-zero-full” shear-interaction model [19]; the mechanism can be advantageous
in inhibiting the cracking of concrete subjected to tension. In a push test conducted to
determine the load-carrying capacity of connectors, Lee et al. [19] attributed the load—slip
curve to three distinctive stages of full-zero—partial interaction. Based on experimental
tests and finite element (FE) analysis, Liu et al. [20] demonstrated the three distinct stages of
the load-slip response, namely the early strong stiffness, sliding after overcoming friction,
and third-stage characteristics following bearing pressure. Zhang et al. [21] summarized
these four stages—that is, frictional transfer, slip, bolt shank transfer, and failure. Moreover,
there are two modes of failure—that is, shearing of the high-strength bolts and crushing of
the concrete—depending on their relative strengths [22]. In the quasistatic tests of full-size
composite beams conducted by Ataei et al. [17], the final failure mode was characterized by
splitting failure and eventual crushing of the concrete. However, to our knowledge, very
few research studies [6,9,11,14,15] have been conducted on the load—slip characteristics and
failure modes of hogging sections.

Using the existing Chinese GB 50017 [23] and Eurocode 4: Design of Composite
Steel and Concrete Structures [24] standards, the shear capacity of connectors of composite
beams can be calculated from two perspectives—that is, the connector fracture and localized
concrete failure. High-strength bolts can also be considered based on two distinct modes of
failure that have been studied. In tests conducted by Kwon et al. [18] and Liu et al. [20],
the high-strength bolts sheared off; thus, their proposed equations were only multiplied
by a correction factor based on pure shear. Du et al. [25,26] introduced a correction to
account for the effects of the embedded slender ratio based on localized concrete failure.
Zhang et al. [21] modified the equations corresponding to two failure modes at the same
time. Chen et al. [27] proposed a fitting equation considering the concrete strength, bolt
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diameter, and strength. Pavlovic et al. [28] divided the bolted shear capacity in push-out
tests into four components—pure shear resistance, catenary force, nut friction, and concrete
friction. However, in the reverse push-out tests conducted by Zhou et al. [29], the concrete
slabs tended to separate from each other. Consequently, the friction between the concrete
and the steel girder should be neglected. Moreover, in the hogging moment region, the
performance of each component can be weakened owing to concrete tension. Consequently,
the existing equations do not accurately express the bolted shear capacity within concrete
subjected to tension.
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(a) First form (b) Second form

Figure 1. Schematics of two forms of demountable connector.

Although extensive literature exists on high-strength bolted connectors, research on
their shear performance subjected to hogging moments is notably lacking. Our study
pioneered the use of a reverse push-out test procedure to investigate the performance of
high-strength bolted connectors in concrete subjected to tension. The adoption of high-
strength bolted connectors with sliding characteristics in the hogging moment region of
steel-cement composite structures can improve the crack resistance of concrete at the
support. Four reverse push-out specimens were specifically designed to scrutinize their
performance when the concrete is subjected to tension induced by hogging moments. A
cost-effective and time-saving FE model (each model required about 6 h to execute) was
developed to examine the internal microstates of the specimens, after which a correction
factor for the shear capacity of bolts within concrete subjected to tension was proposed.

2. Reverse Push-Out Tests
2.1. Geometrical Dimension and Material Properties

The geometric dimensions and relative positions of the reverse push-out specimens
are shown in Figure 2 The bolts were assembled into predrilled holes in the steel girders
using a torque wrench. The dimensions of the reinforcement cage initiate and conclude at
the central axis of the 10 mm diameter steel reinforcement, with a concrete cover depth of
25 mm. The four specimens were named based on the bolt diameter and concrete grade.
Their detailed parameters are listed in Table 1.

The steel girders were made of Q235B steel, using grade 8.8 bolts and HRB400 steel
reinforcement. The yield strength, ultimate strength, and Young’s modulus of the reinforce-
ment, steel girder, and bolts were also measured. The compressive strength of the concrete
was tested by pressing the reserved cubic specimens. The results of the material property
tests are presented in Table 2.
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Figure 2. Geometrical dimensions of experimental specimens and parts (in mm).
Table 1. Parameters of specimens.
Bolt Diameter Inner Diameter of
Specimen Concrete Grade (mm) Reserved Holes Fy (kN) Preload (kN)
(mm)
D16C30 C30 16 18 80 14
D16C40 C40 16 18 80 14
D20C30 C30 20 22 125 25
D20C40 C40 20 22 125 25
F, = Pretensioned force of a single bolt.
Table 2. Material mechanical properties.
. Ultimate or Compressive ,
) Yield Strength (MPa) or Young's
Materials 8 Strength (MPa) fy (MPa) ]}i\/lpaf; Modulus
No. 1 No. 2 No. 3 No. 1 No. 2 No. 3 (MPa)
Girder 242.66 237.21 239.08 385.48 392.59 396.24 239.65 391.44 204.2
Bolt 637.19 615.73 620.94 789.26 773.25 784.32 624.62 782.28 204.8
Reinforcement 419.63 417.09 424.97 557.35 555.47 561.63 420.56 558.15 205.0
C30 — — — 32.9 33.5 33.8 — 33.4 —
C40 — — — 41.7 431 43.6 — 42.8 —

fy = average steel yield strength; f, = average steel ultimate strength; f. = average concrete compressive

strength.

2.2. Test Program and Phenomena

To avoid the influence of the self-weight of the specimens on the test results, eight
identically sized steel pipes were placed at the bottom of each specimen, as shown in
Figure 3. A hydraulic jack was placed between the steel girders SG1 and SG2, and the
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concrete slabs CS1 and CS2 were painted white to improve the visibility of cracks. Numbers
1-10 represent the displacement gauges.

Force sensor

N TR

Steel pipes

Figure 3. Photograph of the experimental equipment.

Before the tests, the load capacity of each specimen could be estimated using Equation (1) [23]
and preloaded by a factor of 0.05, as listed in Table 1, to eliminate installation gaps. During testing,
the load was slowly increased until it reached a peak before decreasing. For safety reasons, the
load was removed and released when it resulted in severe failure of the specimen after peaking, or
reduced to approximately 0.8 times the peak load.

'« = 0.387Ag/Ecfe < 0.63Asfo @

where P, denotes the ultimate strength (N), As denotes the cross-sectional area (mm?), and
E. denotes the Young’s modulus of the concrete (MPa).

From a macroscopic perspective, two main types of concrete slab cracks exist—splitting
cracks (which develop from the bolted connectors to the end of the slab) and tension cracks
(which grow transversely). Regarding the D16C30 steel, a splitting crack appeared at the
end of CS2 when the load reached 187 kN, as shown in Figure 5a. As the load increased, a
new splitting crack appeared on CS1, and two tension cracks appeared on CS1 and CS2,
respectively, as shown in Figure 4c,d and Figure 5a. Subsequently, the load peaked at
246 kN. When the load decreased to 219 kN, a penetrating tension crack developed in CS1,
as shown in Figure 4b. As the load continued to decrease to 216 kN, the bolt sheared off
with a large explosion, as shown in Figure 4c, and the test was terminated.

T

A CS2 :

(a) Side view of the D16C30 specimen (b) Outer part of CS1

Figure 4. Cont.
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Figure 4. Tension cracks of the D16C30 specimen.
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Figure 5. Splitting cracks of concrete slabs.

Among the four specimens, the D16C40 steel specimen was the only specimen without
splitting cracks. When the load exceeded 189 kN, tension cracks were initiated, which
increased and extended, as shown in Figure 6a,c,d. After the load peaked at 255 kN, similar
to the D16C30 steel specimen, a visible penetrating tension crack was generated on CS2 at
237 kN (Figure 6b), and the bolt sheared off at 228 kN (Figure 6¢).

©

(a) Side view of the D16C40 specimen (b) Outer part of CS2
”'“‘ & 7(’“‘ : S d i =2 i "10‘* W ( ‘*“Fh ( ‘HSW

3 "C.'“‘-.‘s";...
(c) Inner part of CS1 (d) Inner part of CS2

Figure 6. Tension cracks of the D16C40 specimen.

Because of the larger bolt diameter, the tension and splitting cracks in the D20C30
specimen were denser, and the corresponding loads were considerably higher than those in
the D16C30 specimen. The tension and splitting cracks shown in Figures 5b and 7a initially
appeared as the load respectively increased to 240 kN and 244 kN. Subsequently, these
cracks developed (as loads that peaked at 269 kN increased). Figure 7c,d shows that the
most intense cracks originated from the SG2 bolted connectors. When the load reached a
peak of 268 kN, a penetrating tension crack on CS2 was generated (with a load as low as
255 kN), as shown in Figure 7b.
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(a) Side view of the D20C30 specimen

=, 9!

(c) Inner part of CS1 (d) Inner part of CS2
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Figure 7. Tension cracks of the D20C30 specimen.

The tension cracks were intense (Figure 8a), and splitting cracks were evident at
both ends of the D20C40 specimen (Figure 5¢,d). Figure 8b shows that most of the cracks
originated at the bolted connectors. When the load increased to 295 kN and 257 kN, visible
tension cracks were respectively produced on the outer parts of CS1 and CS2, as shown in
Figure 8c,d. After the peak load was reached, a nonpenetrating crack was formed in CS2,
as shown in Figure 8d. CS1 and CS2 were excavated, and visible bending of the bolts and a
slight deformation of the hoop reinforcement were evident, as shown in Figure 8a.

(a) Side view of the D20C40 specimen

SG1 ¢ide of CS1 SG2Aide of CS2

(c) Outer part of CS1 (d) Outer part of CS2

Figure 8. Tension cracks of the D20C40 specimen.

Overall, for the reverse push-out specimens with concrete subjected to tension, the
improvement in the concrete strength effectively inhibited the cracks in the concrete slab.
However, large shear connector diameters exacerbated the cracks.

2.3. Load-Slip Response

The average value of gauges 1, 2, 3, and 4 can be defined as the slip (A), and the
average load on the bolts as P. Accordingly, the results of the reverse push-out tests are
listed in Table 3 and the P-A curves are shown in Figure 9. All four curves are almost linear
initially, subsequently yielding and slipping up to the peak point. Finally, the specimens
fail, the load drops, and the slip increases. However, in the D16C30 and D16C40 specimens,
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the slip increases suddenly; the increase is approximately 1 mm of the mounting clearance
between the bolt shank and the steel predrilled hole. This phenomenon could be caused by
the bolt, which overcomes the friction and slides in the hole. The bolt slip value (not being
1 mm but close to 1 mm) could be due to the installation error. The 16-mm diameter bolt
had the same pretension, but the D16C30 specimen slid (at a smaller friction) compared
with the D16C40 specimen, probably owing to its more severe loading eccentricity.

Table 3. Reverse push-out test results.

P When
Specimen  Bolts Slide Py (kN) Ay (mm) P, (kN) Ay (mm) Py/Py
(kN)
D16C30 30.008 45.214 1.075 61.622 4.529 0.734
D16C40 36.373 52.170 1.218 63.841 2.785 0.817
D20C30 — 42.962 0.185 69.504 4.673 0.618
D20C40 — 47.876 0.171 73.787 2.887 0.649

Py and Ay: strength and slip in the turning point before the specimens begin hardening, respectively; Ay: slip
corresponding to Py.
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Figure 9. Load-slip results.

The effects of the concrete strength and bolt diameter on the strength and slip of
the specimens were calculated (Table 4). When the bolt diameter increased, there was an
evident bolt slip in the 16 mm bolt specimens, which was not comparable to that of the
20 mm bolt specimens. Moreover, as the Ay value in the 20 mm bolt specimens is small, the
increase rate is inaccurate. Considering the findings of Figure 8 and Table 4, the concrete
upgrade contributes to an increase in Py and Py but causes specimens to be less ductile
and more brittle; consequently, the slip at the ultimate load is considerably reduced. An
increase in the bolt diameter considerably increases the shear bearing capacity but has a
smaller effect on Py.

Table 4. Effects of the concrete strength and bolt diameter.

Concrete Di]zgitester Increase Rate Increase Rate Increase Rate Increase Rate
Grade (mm) of Py of Ay of Py of Ay
16 15.4% 13.3% 3.6% —38.5%
€30 — C40 20 11.4% —7.6% 6.2% 38.2%
C30 —5.0% — 12.8% —
C40 16— 20 —82% — 15.6% —
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2.4. Out-of-Plane Displacement Results

The normal direction of the contact surface between the concrete slab and steel girder
can be defined as the direction of the out-of-plane displacement, as shown in Figure 10a.
Displacement gauges 5-8 were placed centrally at the end of the concrete slabs to measure
the out-of-plane displacement, adopting the mean values of the same-side gauges (Gauges
5,6, 7, and 8 in Figure 3).

80 80 T T T T T T T

= =
= 40} g X
Q P=47kN a
30 | -
55k D16C30(CS2)| |
——— D16C40(CS1) —— D16C40(CS2)
—— D20C30(CS1) —— D20C30(CS2)
10 - ——— D20C40(CS1) —— D20C40(CS52)|
0 1 1 1 1 | 1
A2 08 04 00 04 08 12 16 20 00 02 04 06 08 10 12 14 16
Displacement (mm) .
Separation (mm)
(a) Out-of-plane displacement of concrete slabs (b) Relative separation between CS1 and CS2

Figure 10. Out-of—plane displacement and relative separation outcomes.

When P was less than 15 kN, there was almost no out-of-plane displacement, except
for CS2 of the D20C30 specimen. The initial (minor) displacement could be attributed
to the lack of effective bonding at the steel-concrete interface after casting. As the load
increased, the concrete slabs gradually moved away from the steel girders. Moreover, CS2
of the D16C30 specimen suddenly reversed at approximately 47 kNN, as shown in Figure 10a,
which may have been caused by the creation of splitting cracks (Figure 5a).

Because the high-strength bolts slid and failed, the out-of-plane displacements of
the D16C30 and D16C40 specimens exhibited randomness. In relative terms, the relative
separation of the D20C30 and D20C40 specimens without bolt failure increases essentially
monotonically before peaking. The effect of the loading eccentricity became increasingly
important as the load increased. Moreover, the CS1 and CS2 of the D20C40 specimen moved
isotropically after reaching a peak of 74 kN, and the two slabs of the D20C30 specimen
were always isotropically deflected because of their load eccentricity.

Although the idealization of materials and operations was satisfied to the extent
possible, there were still material heterogeneities, fabrication differences, and loading
eccentricities, which led to considerable randomness in the relative separation. Additionally,
the out-of-plane displacement was influenced by friction with the pipes at the bottom of
each specimen. Consequently, the displacement difference between CS1 and CS2 could be
considered to be the relative separation, as shown in Figure 10b, which indicates that the
P-separation curve tends to be monotonic before reaching its peak. However, the separation
of the D20C30 and D20C40 specimens was respectively mitigated at 63 and 73 kN; this
could be attributed to the splitting cracks shown in Figure 5b—d.

3. Numerical Modeling and Analysis
3.1. FE Model and Validation

The basic material properties used for numerical modeling were first defined. The den-
sities of the steel and concrete were 7850 and 2400 kg/m?, respectively. Table 2 lists the yield
strength, ultimate strength, and Young’s modulus of steel—for example, the bars, bolts, and
girders—whose Poisson’s ratios were set to be 0.3; the stress—strain relationship is as shown
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in Figure 11. The Poisson’s ratio of concrete was set to be 0.2, and the elastic modulus was
calculated based on the GB 50010 [30]. Its brittle—plastic properties could be described using
the concrete-damaged plasticity model in ABAQUS 2022, whose constitutional relationship
could be obtained based on the compressive strength (Table 2) and the calculated Young's
modulus. The damage parameters could be calculated using Equation (3) [31].

Oc
Ecec

d=1- @)

where ¢, denotes the concrete stress and ¢. denotes the concrete strain.

oA

0.01Es

Es

-
€
Figure 11. Steel constitutional relationship.

Numerical analyses were performed using ABAQUS considering its excellent nonlin-
ear analysis capabilities. To reduce computational costs, quarter-size models were created
for FE simulations. Three components were constructed—reinforcements, steel girders,
and a combination of bolts and concrete slabs. The joints of the hoop and longitudinal
bars shared a common node, thus rendering the reinforcement more realistic. The com-
bination of bolts and concrete within the same part, each with its material properties,
avoids complex contact problems between the two and improves calculation efficiency. The
components were then separately divided and meshed. The appropriate global mesh size
was 40 mm, and the grid near the bolts was encrypted, as shown in Figure 12. A 2-node
linear three-dimensional truss element (T3D2) was used for the steel reinforcement, which
was embedded in the concrete. An 8-node linear brick with a reduced integration (C3D8R)
element was used for all other components. The numerical results using the T3D2 and
C3D8R elements agree with the experimental results, and the use of T3D2 and C3D8R
improves the computational efficiency. Finally, all the components were assembled. The
dynamic implicit procedure (comprising three steps) was applied to the analysis. During
the initial step, the reinforcement was embedded into the concrete, coupling the reference
point and loading surface, the basic boundary conditions of which are shown in Figure 12.

Symmetry plane

l

i X Cross section
Constrain vertical

displacement

Figure 12. Finite element model.
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Simultaneously, the frictional interaction between the nuts and the steel girder was
established using the same coefficients as those used in the experiments. The steel girder
and concrete slab tend to separate from each other and their interaction is defined as
frictionless [32]. The contact of the sliding-end bolts with the holes of the steel girder was
set to “hard contact”. In the second analysis step, the concrete and shank elements around
the embedded nuts were deactivated to maintain the concrete in a stress state consistent
with the experiment. Subsequently, bolt pretension was applied using the bolt load model
in ABAQUS. In the final step, the aforementioned elements were reactivated, and loading
was performed via the reference point. The displacement in the direction of the loading
was monitored at the same points on the steel girder and concrete as in the experiment; the
difference between the two was defined as the slip value.

A comparison of the FE results with the test curves is shown in Figure 13. The trends
are similar. These markers were then used for subsequent analyses. The smaller initial
stiffness of the numerical results compared with that of the experimental results was
because FE analysis simplified the interaction between the concrete and steel girder by
using a “hard” contact in the normal direction and a frictionless contact in the tangential
direction, while in the tests, the postcast concrete generated a certain bonding force with
the steel girder during the setting process. Another difference between the numerical and
the experimental results pertains to the loads for the sliding of the bolts of D16C30. This is
because in the numerical simulations, the material is idealized and the interfacial friction
coefficients are the same for the different concrete strengths so that the numerical results
obtained for the sliding loads of D16C30 and D16C40 are almost the same. However, in
the tests, the same friction coefficient could not be guaranteed; therefore, different sliding
loads were obtained. Lastly, the damage constitutive relation of the metal connectors was
not defined to improve the computational efficiency. Therefore, the numerical results did
not exhibit a decreasing segment as that observed in the experimental tests. The single-bolt
load capacities and aberrations are listed in Table 5.

_— 20 H 4
——D16C30 ——D16C40

10 D16C30_FEA 10 - D16C40_FEA| A
L A 1 1 1 1 1 A L 1 1 L 1

0 1 2 3 4 5 6 0 1 2 3 4 5 6

A (mm)

A (mm)

(a) Validation results of the D16C30 specimen (b) Validation results of the D16C40 specimen
80 r r T T T 80 T T T T T

70 e - 70 /\ ]

D \ D \ A: Finishing pretension
60 . 60 |- V i
50 - B 1 _sor 1 B: Bolt slide starts

Z
40 H .| E_’ 40 4
30 J 30 J C: Bolt slide ends
20 | - 20 4
——D20C30 ———D20c40
10 D20C30_FEA| 10} D20C40_FEA| A D: Bolt yields
0 1 2 3 4 5 6 0 1 2 3 4 5 6 . .
A (mm) A (mm) E: Reinforcement yields

(c) Validation results of the D20C30 specimen (d) Validation results of the D20C40 specimen

Figure 13. Validation of simulations.
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Table 5. Single-bolt load capacity and aberrations.

Shear Capacity P, in

Shear Capacity Py.pg in Finite

No. Experiment (kN) Element Simulations (kN) Aberration (1 Py — Pul/Pu)
D16C30 61.622 61.519 0.17%
D16C40 63.841 64.810 1.52%
D20C30 69.504 68.883 0.89%
D20C40 73.787 75.642 2.51%

As the numerical FE model has been successfully verified with those of experimentally
observed data, future research can use the numerical approach and the existing experi-
mental results for suitable training for the functional relationship between external data
sources and bolt performance [33,34]. This crucial task can be performed economically
and technically using machine learning [34,35], artificial intelligence [36,37], and neural
network algorithms [38,39].

3.2. Evolution of Stress and Damage

Using the ABAQUS visualization module, we dissected the cross-section in Figure 12
to observe the development of the bolt stress, which compensates for the failure of the strain
gauges in the experiments. Figure 13a,b indicates that the D16C30 and D16C40 specimens
exhibit a similar stress development process comprising the elastic segment, bolt sliding,
stiffness recovery, hardening, and failure stages; consequently, only the D16C30 specimen
was used to illustrate this process. The stress evolution in each component is shown in
Figure 14. After the pretension force on the bolt is complete and before loading, the local
pressure in the steel flanges is evident. As soon as the loading starts, the concrete around
the bolts is initially damaged by tension, and a crack is first produced between the two bolts
and quickly develops on both sides. In the experiments, visible tension cracks starting at
the connectors were evident during the initial loading stage. At this point, the longitudinal
reinforcement near the bolts was subjected to tensile stress. As the load increased, the
area of concrete damage increased, the reinforcement stress increased, the concrete near
the bolts was compressed, and the distribution of the bolt pretension stresses along the
cross-section became uneven.
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Figure 14. Evolution of stress and damage of the D16C30 specimen.

Up to point B in Figure 13, the bolt slid in the reserved hole as the grip of the nut on
the steel-plate flange was overcome. During this period, the bolt pretension stress and
concrete damage no longer develop and stabilize at their current state. Once the sliding
ends, the bolt and inner wall of the reserved hole come into contact and are subjected to
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pressure. Thereafter, the stiffness of the specimen recovers, and concrete damage and an
uneven distribution of the bolted pretension stresses continue to develop. As the load
continues to increase, the bolt yields and the stiffness decreases. When point E is reached,
the reinforcement begins to yield, as shown in Figure 13. The tensile eccentricity of the
bolt is more severe at this stage. Subsequently, the load increases slowly. Notably, the
descending section of the curve was not obtained as damage to the metal was not defined.

For the D20C30 and D20C40 specimens, respectively shown in Figure 13c,d, the
reinforcement first yields, followed by the bolts. Based on the FE results, during loading,
the bolts of the D20C30 specimen slide slightly in the prefabricated holes, but eventually,
there is no contact bearing between the two, as shown in Figure 15a. The concrete damage
is already more severe when the reinforcement yields, as shown in Figure 15b, which
is consistent with the severe splitting damage in the experiments. The bolts also slide
slightly throughout the loading process of the D20C40 specimen, and obvious compressive
stresses are evident as shown in Figure 15c, wherein the interaction may be determined by
a combination of friction and compressive bearing. The development of concrete damage
is slower compared with that of the D20C30 specimen.
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(a) Steel flange stress in the D20C30  (b) Concrete damage of point E in the  (c) Steel flange stress in the D20C40

specimen D20C30 specimen specimen
Figure 15. Stress and damage in the D20C30 and D20C40 specimens.
4. Parametric Studies
To analyze the effects of the bolt strength, pretension, diameter, and concrete strength
and enrich the experimental data, 30 FE models were executed for analysis. Normal bolt
pretension was obtained according to the standard [23] and multiplied by 0.75 and 1.25 to
study the effect of variation on the bolt pretension. The parametric results are presented in
Table 6.
Table 6. Parametric results.
No. Ps (kN) NB (kN) Py (kN) No. Py (kN) No. Ps (kN) NS (M) Py (kN) No. Py (kN)
B88D16C30P0.75 30.87 29.33 60.00 B88D20C30P1 68.88 B109D16C30P0.75 36.20 36.67 60.77 B109D20C30P1 70.67
B88D16C30P1 38.22 39.11 61.52 B88D20C40P1 75.64 B109D16C30P1 47.28 48.89 62.19 B109D20C40P1 75.94
B88D16C30P1.25 48.41 48.89 61.25 B88D20C50P1 76.92 B109D16C30P1.25 —_ 61.11 61.74 B109D20C50P1 77.97
B88D16C40P0.75 3115 29.33 64.60 B88D22C30P1 71.54 B109D16C40P0.75 36.25 36.67 66.92 B109D22C30P1 72.61
B88D16C40P1 38.17 39.11 64.81 B88D22C40P1 78.32 B109D16C40P1 47.28 48.89 67.37 B109D22C40P1 79.16
B88D16C40P1.25 46.33 48.89 65.25 B88D22C40P1 80.01 B109D16C40P1.25 — 61.11 66.11 B109D22C40P1 81.40
B88D16C50P0.75 30.89 29.33 66.65 B109D16C50P0.75 36.17 36.67 68.70
B88D16C50P1 38.17 39.11 66.53 B109D16C50P1 47.26 48.89 69.58
B88D16C50P1.25 46.18 48.89 66.68 B109D16C50P1.25 — 61.11 67.89

Ps: Numerical results of sliding load; N}} : Calculated results according to Ref. [23]; Py: Numerical results of
single-bolt shear capacity; B88D16C30P0.75: bolt grade 8.8, diameter = 16 mm, concrete grade C30, and pretension
multiplier = 0.75.

4.1. Effects of Bolt Properties

Experimental and FE studies have demonstrated that the sliding of 16 mm bolts
in predrilled holes is significant. N2 was calculated based on Ref. [23]. In Table 6, by
comparing Ps with N2, the standard-based calculation provides a good estimation of the
sliding loads.

NP = 0.9knuFp (3)
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where k = 0.97 is the hole size coefficient, n = 2 is the number of friction surfaces, and
u = 0.28 is the coefficient of friction.

As shown in Figure 16a,b, the sliding loads are affected considerably by the bolt
pretension. The maximum friction of B109D16C40P1.25 is similar to the ultimate carrying
capacity; thus, no obvious sliding phase can be found in Figure 16b. Conversely, the
concrete damage remains constant during the sliding process at which point the concrete
damage in the visualization module increases as a function of the pretension force, as
shown in Figure 17. Figure 17 also indicates that for the same loading displacement,
specimens with a larger pretension are more prone to concrete cracking because the bolt is
restricted from sliding in the hole. When the slide ends, specimen stiffness recovery and
the distributions of concrete damage gradually converge.

70 T T T T T

P (kN)
P (kN)

— BSSDISCAOPO.?S‘ —— B109D16C40P0.75

20 1 20 B
B88D16C40P1 B109D16C40P1
10 ——B88D16C40P1.25 | 1 ——B109D16C40P1.25 |
0 1 2 3 a 5 6 0 1 2 3 4 K} 6
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(a) B88D16C40 load-slip response (b) B109D16C40 load-slip response
8 . , . r . 8 . , . . ,

70 -
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—— B88D16C40P1

20 ———B88D16C30P1 | | 2 BSSD20C40P1 |
ol B109D16C30P1 | 1 ——B8gD22c40P1] |
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0 1 2 3 a4 5 6 0 1 2 3 4 5 6
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Figure 16. Effects of bolt properties.
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Figure 17. Concrete damage during sliding.

As the bolt grade and diameter increase, it is customary to increase artificially the
prestressing to utilize fully the material. When the bolt grade is increased, the increased
prestressing will raise the maximum friction without affecting the load-carrying capac-
ity, as shown in Figure 16c. However, when the bolt diameter increases, in addition to
the maximum friction increases, the load-carrying capacity also increases as shown in
Figure 16d. This is because the increase in the bolt diameter increases the pressure-bearing
area between the bolt and the concrete.
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4.2. Effects of Concrete Strength

Figure 18a shows that as the concrete strength decreases, the load-slip response moves
from the stiffness recovery phase to the hardening phase earlier. Finally, the shear-load
capacity increases with the increasing concrete strength. Comparing the B88D16C30P1
and B88D16C50P1 specimens in the early stages, as shown in Figure 17, the crack in the
specimen with higher-performance concrete develops more slowly. Figure 17 shows the
concrete tensile damage during the bolt sliding process. These observations lead to the
conclusion that increasing the concrete strength can considerably inhibit the development
of concrete cracks. Consequently, the distribution of concrete damage converges as the
specimen fails.
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Figure 18. Effects of concrete strength.

5. Shear Resistance of Single Bolt

When failure occurs as the connector is sheared off, the shear capacity in the reverse
push-out tests should be the same as that in the conventional push-out tests. However, the
experimental and numerical results were considerably smaller than the values calculated in
various codes and studies. The FE results showed that the failure mode of the reverse push-
out specimens was mainly localized compressive crushing of the concrete. Considering
that the contribution of both the concrete and connectors to the shear capacity is weakened
within concrete under tension, a discount factor (A) can be introduced to correct the capacity.
According to Ref. [23], A was set to 0.9, which is higher than the results of our tests and
numerical simulations; this value is suitable for studs but not for high-strength bolts. This
localized failure is directly affected by the concrete strength and bearing area and is closely
related to the bolt diameter. Consequently, the following discount factor was proposed,

A=aff (v+a®) @
where A denotes the reduction coefficient, f. denotes the compressive strength of concrete

(MPa), d denotes the bolt diameter (mm), and &« = 39.934, § = —0.381, vy = —0.063,
and 6 = —0.715.



Buildings 2024, 14, 1052

16 of 18

The modified version of the shear capacity of high-strength bolts applicable to the
hogging moment section based on [23] is expressed by Equation (5). The values of &, 3, v,
and ¢ were obtained by nonlinear fitting using SPSS 26 based on the FE results. As shown
in Figure 19, the corrected equation describes more accurately the shear-bearing capacity of
high-strength bolts within concrete under tension.

Py = 0430\ As\/Ec fe 5)

85 T T T T
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% _

75 ‘ 4
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70 | -
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65 |- -

60 I L 1 I
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Figure 19. Comparison between calculated and numerical results.

6. Conclusions

Four reverse push-out specimens were constructed to investigate the performance of
high-strength bolted shear connectors when concrete is subjected to tension in hogging
moment conditions. The following conclusions can be drawn:

(1) During the loading process, tensile and splitting cracks were produced in the con-
crete, the distribution of which became denser with decreasing concrete strength and
increasing bolt diameter.

(2) When the concrete strength increased from 30 to 40, the ultimate strength with 16 mm
and 20 mm bolts increased by 3.6% and 6.2%, respectively.

(3) When the diameter of the bolts increased from 16 to 20 mm, the ultimate strength with
C30 and C50 concrete increased by 12.8% and 15.6%, respectively.

(4) The concrete slabs tended to separate from each other, but this was mitigated when
splitting cracks occurred.

The four specimens were modeled using ABAQUS and validated by comparing them
with the experimental test results. The conclusions of the analysis are as follows:

(1) The load-slip responses of the specimens with 16 mm bolts could be divided into five
phases, i.e., elastic segment, bolt sliding, stiffness recovery, hardening, and failure.

(2) The load-slip responses of the specimens with 20 mm bolts could be divided into
three phases, i.e., elastic segment, hardening, and failure. The fact that bolt slip was
not observed does not mean that it did not occur; instead, it occurred simultaneously
with the concrete deformation and failure, rendering it difficult to be reflected in the
load-slip response.

Based on the parametric analysis of 18 FE analysis models, an equation was proposed
to calculate the shear capacity of high-strength bolted connectors to fill the evident gap in
prior studies on the hogging moment.

When the research was applied to actual projects, the sliding characteristics of high-
strength bolted connectors were effective in inhibiting concrete cracking in the hogging
moment zone of steel-concrete composite beams.
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