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In order to study the mechanical behavior of bolted beam-column connections, the accuracy and applicability of the finite element
model were firstly validated according to the published experiments on end-plate connections using ABAQUS. Then, in order to
discuss the mechanical behavior of connections, three semirigid connections which are convenient for prefabricated construction,
including top-and-seat angle connections with web and ear plate, extended end-plate connection, and T-stub connection, were
examined using numerical simulation analysis to study and compare their capacity, hysteretic behavior, ductility, and degradation
characteristics in detail. The results showed that the finite element models that were built could effectively simulate the load
bearing behavior of bolted connections under both single-direction loading and cyclic loading. The three connections showed
good load bearing capacity. The connectors significantly affected the energy dissipation capacity under load. The extended end-
plate connection demonstrated the best performance in both mechanical behavior and manufacture and installation, so it would

therefore be the preferred option.

1. Introduction

Bolted beam-column connection joints have the advantages,
such as a high degree of assemblage, quick speed of con-
struction, energy conservation, and environmental pro-
tection, which meet the requirements of industrial building.
In the Northridge earthquake in the United States in 1994
and in the Kobe earthquake in Japan in 1995, a large number
of beam column welded joints displayed brittle fracture
failure at the welded seams of the lower flanges [1], resulting
in casualties, while the bolted joints were only lightly
damaged and showed excellent seismic performance.
Relevant research [2-5] shows that the mechanical
characteristics of bolted beam-column connection joints are
bounded by perfectly rigid joints and ideal articulated joints,
showing the characteristics of semirigid joints. The semirigid
nature of the joints has a significant effect on the overall
performance of the structure, and its good deformation
capacity can optimize the distribution of bending moments

in the steel frame, making the structure better both in stress
and required quantity of steel [6-8]. There are various
structural types of semirigid bolted joints, common end-
plate connections, steel angle connections, and T-section
steel connections. The mechanical properties of these three
kinds of joints at home and abroad have been studied [9-19];
however, load tests and variable analysis have basically been
only carried out on one kind of joint without systematic
comparison and analysis of the seismic performance of
common types of semirigid structural joints, which cannot
be used to guide engineering design.

Firstly, based on the existing experimental research, this
paper used the finite element analysis software ABAQUS to
establish an analytic finite element model of the end-plate
connection, which was then compared with the experi-
mental results to verify the accuracy and applicability of the
model. Secondly, an analytic finite element model of the top-
seat angle connections, with web and ear plate, of extended
endplate connections and T-section steel connections was
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established to contrast and analyze the performance pa-
rameters such as load-bearing capacity, hysteretic perfor-
mance, ductility performance, and failure modes. The
mechanical properties of semirigid joints of different
structural types, structures, and proposed designs have been
discussed in depth. Designers can then select the appropriate
joint types according to the design requirements.

2. Finite Element Model and
Experimental Verification

In order to verify the accuracy and applicability of the finite
element model that has been established in this paper, the
monotonic loading test of end-plate connections established
by Guo et al. [19] was selected.

2.1. Finite Element Model. The finite element model con-
sisted of steel beams, steel columns, end-plates, ribbed web
stiffeners, and high-strength friction type bolts. An eight-
joint hexahedral linear reduced integral unit, C3D8R, was
selected for the simulation, and mesh refinement was
manually performed on the areas of stress concentration
such as bolt holes. The constitutive relationship of the steel
adopted the experimental material property data from the
literature. The lateral constraints, boundary conditions, and
loading systems of the finite element model were all con-
sistent with the experiment.

2.2. Experimental Verification. The experimental specimens
from Guo et al. were designed at a reduced scale of 1: 2. The
sectional dimensions of each member are shown in Table 1.
The sectional plastic modulus ratio of the beams and col-
umns was 1.43, which meets the design requirements of
strong columns and weak beams of the “Code for Seismic
Design of Buildings” (2016 Edition) (GB50011-2010) [20].
The specimen loading device is shown in Figure 1.

The comparison curve of the bending moment angle
between the finite element analysis and the experiment is
shown in Figure 2, and the comparison of the typical failure
modes is shown in Figure 3. It can be seen that it is feasible to
simulate the mechanical properties of semirigid joints by
using the established finite element model.

3. Comparison of the Mechanical Behavior of
Semirigid Joints

3.1. Details of the Connections. This paper selected three
kinds of common semirigid joints including the top-seat
angle connection with web and ear plate (J-1), the extended
endplate connection (J-2), and the T-section steel connec-
tion (J-3) to establish finite element models to contrast and
analyze their mechanical properties. The joint structures are
shown in Figure 4. The sectional dimensions and specifi-
cations of each member of the joint are shown in Table 2.

3.2. Establishment of the Finite Element Model. The consti-
tutive relationship of the steel used the simplified classic

Advances in Civil Engineering

TaBLE 1: Specification and material of the specimen.

Parts Specification (mm) Material
Column H180x180%x 8 x 10

Beam H200x 150 x6x 8

Column stiffener 160 x 86 x 8 Q235
End plate 380x150 x16

Bolt 8M20, level 10.9

three-straight-line model, and the parameters were de-
termined according to the material property test of the
subject, and Poisson’s ratio is taken as 0.3. The constitutive
relationship of the high-strength bolts was determined
according to the literature [21]. The stress-strain curves of
the steel and the bolts are shown in Figure 5.

The surfaces for building the contact relation include the
contact between the bolts and the ear plates, the steel angles,
the end-plates, the T-section steels, the beam flanges, the
beam webs, and the column flanges, the contact between the
steel angles with column flanges and beam flanges, the
contact between the steel angles with the column flanges and
the beam flanges, the contact between the ear plates and the
beam webs, the contact between the end plates and the
column flanges, the contact between the T-section steels and
the column flange and the beam flange, and the contact
between the bar bolts and the bolt holes. The contact type
was surface-to-surface contact, and the tangential Coulomb
friction was set on the contact surface with a friction co-
efficient of 0.35.

According to the actual stress condition of the joint, the
boundary condition of the finite element model was set as a
pinned base column joint, and the top column limited the
displacement in the translational direction of X and Y and
the rotation direction around Z axis. In order to prevent the
lateral torsional-flexural buckling of the beam, its out-of-
plane freedom (UY) was restrained at the end of the beam
joints. The loads applied to the joint model included axial
column forces, beam end loads, and bolt pretightening
forces. The loads were applied in three stages: in the first
stage, a bolt pretightening force was applied to the middle
surface of the bolt using bolt load, and the bolt pretightening
force was considered to be 100 kN; in the second stage, axial
pressure was applied to the column top in the manner of a
concentrated force, and the axial pressure ratio for the
column was 0.2; in the third stage, a beam end load was
applied in the manner of displacement increment control,
and the loading device and the loading systems are shown in
Figures 6 and 7. The overall finite element models of the joint
are shown in Figure 8.

3.3. Comparison of Mechanical Behavior. The analysis results
of the load bearing capacity of the joints are shown in Table 3
and Figures 9 and 10. It can be seen that the maximum
bending moments of the three kinds of joints were
77.58 kN-m, 78.56kN-m, and 84.42kN-m, respectively,
which were all greater than twice the total sectional plastic
moment of the beam (35.68 kN-m) and met the re-
quirements for “strong joint and weak member.” The plastic
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FiGure 3: Comparison of the failure mode. (a) Experiment. (b) FEM.
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TaBLE 2: Specification and material of the specimens.
1400 T T T T T T T
Parts Specification/mm Material
Column HW200 x 200 x 8 x 12 1200 a0 ]
Beam HN175x90x5x 8 O Y
Column stiffener 176 X 96 x 8 000 }9—46"— Bolt }
Steel angle L140x90x12 Q235 ~ 800 |
Ear plate 65x125x%12 & !
End plate 355x145x 24 < oo i
T-stub T175x175x7 x11 | 467
Bolt M16, 10.9 grade 400 1 i
E 263 Q235 steel
hinge would not generate on the joints but the beam-end. 200 ¢ i
The load bearing capacity and elastic rigidity of J-3 were the 0 ) ) ) ) ) ) )

highest, and J-3’s load bearing capacity was 7.5% and 8.8%
higher and J-3’s stiffness was 1.7% and 21.1% higher than
that of J-1 and J-2, respectively. The next was the load
bearing capacity and rigidity of J-2, which was 1.3% and
19.0% higher than that of J-1, respectively. The load bearing
capacity of J-1 was the worst.

3.4. Comparison of Hysteretic Behavior. It can be seen from
Figure 11 that the hysteresis curves of the three kinds of

0.025 0.050 0.075 0100 0.125 0.150 0175 0.200
&
FIGURE 5: Stress-strain curve of Q235 steel and the high-strength
bolts.

joints were all full in shape, but due to the large plastic
deformation of the connecting pieces, the hysteresis curves
of the J-1 and J-3 joints had a certain reduction of pinch
which showed that the hysteretic performance was not as
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FIGURE 8: Finite element models of the joints. (a) J-1. (b) J-2. (¢) J-3.

good as the J-2 joint. The hysteresis curves of the joint model
are all lower than that of the monotonic loading curves. This
is because under cyclic loading and due to the Bauschinger
effect, the plastic deformation of the joints continuously
accumulates, and the local buckling phenomenon becomes
more obvious, resulting in the degradation of the strength
and rigidity.

It can be seen from the skeleton curve in Figure 12 that
the skeleton curves of the J-1 and J-2 joints were roughly the
same as the monotonic loading curve. In the initial hys-
teresis, the skeleton curve and the monotonic loading curve
of J-3 joint basically coincided. With the increase of the load,
the skeleton curve was no longer smooth and although the
load bearing capacity kept rising, it was not stable. It has



TaBLE 3: Comparison of load bearing behavior.

Joint number Yield load (kN) Peak load (kN) Ciastic stiffness

(kN-m)
J-1 46.75 103.44 10149.55
J-2 55.61 104.75 12075.66
J-3 56.57 112.57 12286.12
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FiGUre 9: Comparison of the monotonic curves.
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Figure 10: Comparison of the moment-rotation curves.

been speculated that the connecting pieces at the area of the
beam flanges (top-and-seat steel angles and T-section steels)
have a larger plastic deformation during the late stages of
loading.

3.5. Comparison of the Energy Dissipation Capacity. The
energy dissipation capacity of a joint can be measured by the
energy dissipation coefficient. The larger the value, the
stronger the energy dissipation capacity. The energy dissi-
pation coefficient is calculated according to the following
formula:
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_ S(aBc+cpA)

E , (1)

N (OBE+ODF)

where S spcicpa) represents the area enclosed by the hys-
teresis loop and S opg,opr) represents the area enclosed by
the corresponding triangle, as shown in Figure 13.

Figure 14 shows that after entering the yield phase, the
energy dissipation coefficient of the J-2 joints was greater
than 2.3, and the energy dissipation capacity was excellent.
However, the energy dissipation coefficient of the J-3 joint
was 1.0~1.5, the energy dissipation coeflicient of the J-1 joint
was about 1.0, and their energy dissipation performance was
not good. The reason for this is that the screw shear force
borne around the bolt holes of the top-and-seat steel angles
and T-section steel webs produced plastic deformation and
was gradually accumulated, and the deformation of the bolt
holes was obvious, and the energy dissipation capacity of the
connection under cyclic loading was not fully realized. The
value of the energy dissipation coeflicient was consistent
with the full degree of the hysteresis loop of the joint.

3.6. Comparison of Degradation Characteristics. The plastic
deformation generated by the joint under cyclic loading was
continuously accumulated, which might cause the degra-
dation of the load-bearing capacity and rigidity. The load-
bearing capacity degradation can be measured by the re-
duced loading coefficient A; (formula (2)), and the rigidity
degradation can be calculated by the secant stiffness K;
under the same cycle:

F;+1
Ai=—— (2)
] F’]
_ [+F] +[-F]
IR o

In the formula, when j is the displacement ductility
factor, F'. is the peak load of the ith cycle and when j is the
displacement ductility factor, F**! is the peak load of the i +
1th cycle; +F; is the peak load of the cycle; and +X; is the
displacement of the peak of the cycle.

Figure 15 shows the variation trend of the decreasing
load coeflicient of the joint with load. It can be seen that the
decreasing load-bearing capacity coeflicient of the joint was
greater than 0.93, indicating that the load-bearing capacity
degradation of each cycle of the same loading stage was small
and its stability was good. Comparing the three kinds of
joints, the decreasing load coefficients of the J-2 and J-3
joints were greater than that of J-1 joint without drastic
change, indicating that the stability of the load-bearing
capacity was better than that of the J-1 joint. However,
because the plastic deformation of J-1 joint occurs in the top
and bottom steel angle area where the web bolts are kept
continuously and gradually accumulates, resulting in rela-
tively unstable bearing capacity, the producing plastic de-
formation at the area of the top-and-seat steel angle and the
web bolt resulted in a relatively less stable load bearing
capacity of J-1 joint. After entering the yield phase, the
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FiGure 15: Comparison of the capacity degeneration coefficient.

was consistent with the monotonic loading analysis results.
The rigidity of the three types of joints degenerated rapidly in
the initial stage of loading, and the final rigidity degradation
degrees were all at 90% with the final ratio of rigidity (ratio of
the secant stiffness of each cycle to the secant stiffness of the
first cycle) tending to be 0.1. The rigidity degradation curves
of the J-2 and J-3 joints basically coincided, while under the
same loading level, the ratio of the rigidity of J-1 was lower
than that of the J-2 and J-3 joints, indicating that the rigidity
of J-1 degraded faster under stress which was not conducive
to seismic resistance.

3.7. Comparison of Failure Mode. Figure 17 shows that the
stress level of the J-2 joint was the lowest, followed by the J-3
joint, while the J-1 joint was the highest. The failure of the J-1
joint was mainly displayed as the deformation of the area of
the top-and-seat steel angle and the bolt holes of the beam
web (Figure 18(a)). The failure of the J-3 nodes was mainly
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TaBLE 4: Stiffness of the joints.

Loading grade J-1 J-2 J-3

O.25Ay 12.13 13.01 13.54
O.SAy 11.72 12.86 13.44
O.75Ay 10.92 12.55 13.11
A, 9.75 11.96 12.40
ZA}, 6.13 7.75 8.19
3Ay 4.30 5.53 5.66
4Ay 3.48 4.32 4.45
SAy 2.94 3.56 3.67
6Ay 2.54 3.04 3.15
7Ay 2.26 2.67 2.76
8A, 1.96 2.38 2.48
9A}, 1.73 2.14 2.24
IOA}, 1.65 1.95 2.05
11A), 1.55 1.79 1.89
12A}, 1.51 1.65 1.75
134, 1.41 1.53 1.63
14Ay 1.36 1.43 1.53
15Ay 1.31 1.34 1.45
16A 1.26 1.27 1.37

Y

concentrated on the area of the bolt holes of the T-section
steel webs under the shearing force of the screws, and a large
amount of plastic deformation was accumulated
(Figure 18(b)). For J-2, due to the thicker end-plate, there
was almost no plastic deformation on the connection be-
tween the end-plates and the bolt, and the failure of the joint
was mainly displayed in the bending deformation at the ends
of the beams. The ductility and bearing capacity of the joints
were increased with good seismic performance due to the
outward hinged plastic movement.

3.8. Comparison of Joint Performance. In conclusion, a
comprehensive contrastive analysis of the three types of
semirigid joints is shown in Table 5.

4. Conclusions

Based on the analysis of the three kinds of beam-column
bolted connections, the following conclusions can be drawn
for the connections:

(1) The finite element models that were built could ef-
fectively simulate the load-bearing behavior of bolted
connections under single-direction loading and cy-
clic loading. The rationality of the element type and
constitutive relation was verified to be correct.

(2) The three connections all showed stable and good
load-bearing capacity hysteretic behavior and energy
dissipation capacity, which could make the plastic
hinge generate on the beam-end instead of the
connections. Therefore, the ductility of steel frame
could be promoted effectively.

(3) The extended end-plate connection had the best
energy dissipation capacity because no obvious de-
formation generated on the end-plate. The con-
nectors, such as the steel angle and T-stub, had large
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F1GURE 18: Local deformation. (a) J-1. (b) J-2.

TaBLE 5: Comparison of joint performance.

Bearing degradation  Stiffness degradation  Failure mode

Number Bearing behavior ~Hysteretic behavior ~Energy dissipation
J-1 X X X
J-2 o v v
-3 Y o x

X X X
v v v
@) v/ X

Note. +/, good; O, medium; X, poor.

deformation and significantly affected the energy
dissipation capacity and the failure mode.

(4) Comprehensive consideration: the extended end-
plate connection showed good mechanical perfor-
mance in manufacture and installation, and it should
be used for preference. The T-stub connection took
second place. The top-and-seat angle connection
with the web and ear plate requires the highest in-
stallation precision, and its manufacture is tedious
which means it should be avoided in building
construction.
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