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Abstract

This study proposes a new type of fl ange-widened bone-type semi-rigid frame 
node, and takes a 4-story frame as an example, uses the fi nite element software 
Abaqus  to analyze its seismic performance  under different seismic waves, and 
compares it with the traditional rigid connection frame. The results show that the 
stiffness of the new node frame is slightly lower than that of the tradition rigid 
node frame, which reduces the horizontal displacement of each layer under the 
action of earthquake, optimizes the deformation capacity, and enhances the force 
performance and ductility, the maximun value of the base shear force is lower than 
that of the traditional rigid frame, which can effectively disperse and dissipate the 
seismic energy andimprove the overall stabitity of the structure; the elastic-plastic 
interlayer displacement angle is less than 1/50 under rare earthquakes, which meets 
the requirements of the specifi cation and can achieve the goal of “no collapse in 
a large earthquake”. In addition, the node can effectively improve the safety and 
reliability  of the structure in actual engineering.

earthquake in the United States in 1994 and the Kobe 
earthquake in Japan in 1995, it was found that the steel frame 
with fully welded rigid connection nodes suffered large-scale 
brittle failure of the structure due to poor node ductility, large 
welding residual stress and welding heat-affected zone; while 
the semi-rigid connection steel frame had strong deformation 
and energy dissipation capacity, and the structure did not 
suffer brittle failure, which greatly reduced the damage to the 
building in the earthquake. Therefore, domestic and foreign 
scholars have carried out a lot of research on the research and 
development of prefabricated nodes [4-20].

Liu et al. proposed a new type of bolted truss column 
node, and obtained the failure mode, mechanism, and seismic 
performance of the node through experiments and ϐinite 
element analysis. At the same time, the comparative analysis 
of the test results of the sliding connection and the anti-slip 
node showed that the sliding connection showed better 
ductility and energy dissipation capacity, but the ultimate 
bearing capacity was not signiϐicantly reduced, and most of 
the energy was dissipated from the sliding [4-5]. Wang Hao et 
al. (2022) proposed a fully bolted column-beam node of steel 
modular structure, and conducted pseudo-static tests on four 
different full-size joint specimens. The seismic performance 

Introduction 

Developing new types of prefabricated steel structure 
beam-column joints is the key to improving the seismic 
performance of structures and innovating construction modes 
[1]. Column connection nodes are an important part of steel 
frame structures, transmitting axial force, shear force, and 
bending moment in the structure. Their performance directly 
affects the safety and reliability of the overall steel structure 
[2]. According to European standards, steel structure beam-
column joints can be divided into three types: rigid connection, 
hinged connection, and semi-rigid connection [3]. The rigid 
connection assumption ignores the deformation energy 
dissipation capacity of the node, which may lead to deviations 
in the prediction of the internal force distribution of the 
structure; while the hinge assumption underestimates the 
inϐluence of the node stiffness, and the overall stability of the 
structure is not considered. A semi-rigid node is a connection 
form that allows limited rotation. It can transmit part of the 
bending moment and shear force, and dissipate energy through 
deformation. Its core feature is that the bending stiffness of 
the node is between the rigid connection (inϐinite stiffness) 
and the hinge connection (stiffness approaches zero).

In the earthquake damage investigation of the Northridge 
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of the existing nodes was evaluated by analyzing the failure 
mode, hysteresis curve, strength, stiffness, rotation capacity, 
ductility, and energy dissipation capacity of the joints [6]. 
Zheng, LQ (2022) proposed a new energy-absorbing assembled 
node with replaceable steel hinges and a prefabricated steel 
pipe conϐined core. The hysteresis loading veriϐied that the 
new node has improved load-bearing, energy dissipation, and 
deformation capacity compared with the integral node. At the 
same time, the node can meet the design concept of plastic 
controllable [20].

At present, there are certain limitations in the research 
on the beam-column nodes of prefabricated steel structures. 
Most studies focus on the seismic performance of a single 
node, and there are few studies on the coordinated work of 
nodes and components and the seismic performance of the 
overall structure [21-29]. In actual structures, the interaction 
between nodes and components, such as beams and columns, 
is complex. The lack of research in this area affects the accurate 
evaluation of the seismic performance of the overall structure.

Therefore, this paper proposes a new type of bone-type 
semi-rigid node. For a 4-story frame, the new node frame is 
analyzed by the ϐinite element software Abaqus. The base 
shear force, acceleration, displacement time history curve, 
and inter-story displacement angle data under the action of 
seismic waves in different directions are studied. The relevant 
indicators are calculated to see whether they meet the speciϐied 
requirements, and compared with the frame structure of the 
same cross-section with rigid connection. The node frame has 
good seismic performance and can be applied to general ϐinite 
element analysis software, providing a theoretical basis for 
engineering design and seismic evaluation.

Finite element calculation model
Node construction model

The ϐlange widening bone node is composed of an 
H-shaped steel column, expanded ϐlange bone beam, end 
plate, and bolts. As shown in the ϐigure. Steel column, beam, 
and end plate are all made of Q235 steel, and bolts are made 
of 10.9 grade M16 high-strength bolts. Expanded ϐlange bone 
beam and end plate can be welded and prefabricated in the 
factory, and the end plate and H-shaped steel column ϐlange 
are connected by high-strength bolts and gaskets. Expanded 
ϐlange end plate bone node can be used for the assembly of 
conventional I-shaped steel bars and box-shaped steel bars. It 
has a simple structure, convenient construction, high stiffness 
and strength, and can maintain good bending bearing capacity 
under earthquake action. The various components of the node 
can be prefabricated in the factory and directly transported to 
the construction site, which improves construction efϐiciency 
and reduces construction costs (Figure 1).

Frame construction model

Two frame models (Figure 2) are created using ABAQUS 
ϐinite element software: J1 and J2. J1 is a beam-column welded 

frame, and J2 is a beam-column connection using a ϐlange 
widening bone node. Both beams and columns are made of 
Q235B hot-rolled H-shaped steel; the cross section of the 
steel column is WH300×300×21×24, the cross section of the 
main beam is WH480×150×12×18, and the cross section of 
the secondary beam is HN400×200×8×13. The thickness of 
the ϐloor slab is selected as 120mm. The seismic fortiϐication 
intensity is 8 degrees, the basic earthquake acceleration is 
0.5g, the second type of site category, and the earthquake 
period is 0.45s (Figure 3).

Simplifi ed beam-column node

In order to speed up the calculation rate, beam elements 
are used for the beams and columns of the frame. Considering 
the Von-Mises yield criterion and the bilinear kinematic 
hardening constitutive model, the elastic modulus of Q235 
steel is 2.06×105 MPa, and the Poisson’s ratio is 0.3.

Figure 1: Geometric construction diagram of fl ange fl ange-widened bone 
node.

Figure 2: Frame structure model.

Figure 3: Frame structure plan.
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Node connection simulates semi-rigid and rigid 
connections by creating line features between the beam-
column nodes of the model [30], assigning  the connection 
section type to hinge, and using nonlinear hinges to simulate 
the rotational stiffness of semi-rigid nodes. When deϐining 
the behavior of the hinge, you can enter the moment-rotation 
curve value of the semi-rigid solid node for the elastic option. 
When establishing a connection at a beam-column node, the 
node spring element uses the coordinate system moment 
direction along the positive x-axis to ϐix the translational 
degrees of freedom of the beam in the y and z directions to 
prevent deϐlection during loading.

To study the seismic capacity of the ϐlange-widened dog-
bone node frame, it is necessary to ensure the accuracy of the 
simpliϐied model. Establish a solid portal frame model (Figure 
4) and a simpliϐied portal frame model (Figure 5). The frame 
solid model and the frame simpliϐied model are subjected to 
unidirectional displacement loading [31]. The unidirectional 
loading was applied to the interlayer displacement angle of 
0.1 rad, and the numerical simulation results were compared. 
It can be concluded that under the same loading conditions, 
the load-displacement curves calculated by the simpliϐied 
node model and the solid model are in good agreement. 
Under the unidirectional displacement loading condition, the 
ultimate load of the solid model is 324.027 kN, and that of the 
simpliϐied model is 322.375 kN, with a difference of 0.5%, 
and a high degree of agreement. This simpliϐied method can 
effectively simulate the mechanical properties of the node 
(Figure 6).

Finite element parameter setting and modal analysis

A total of 10 vibration modes of the structure are 
calculated in the response spectrum analysis, and the periods 
of the ϐirst 3 vibration modes of the structure are shown in the 
table. The period of the ϐirst vibration mode of the new node 
frame is 0.9775s. The period of the second vibration mode is 
0.7987s. The period of the third vibration mode is 0.6005s. 
The period ratio is 0.7987/0.9775 = 0.82, which is less than 
the 0.9 required by the speciϐication. The period of the rigid 
frame is signiϐicantly larger than that of the ϐlange thickened 

bone semi-rigid structure, which is due to the increase in the 
stiffness of the new node, which reduces the period (Table 1).

Modal analysis using Lanczos solver [32]. Rayleigh 
damping is adopted, the damping ratio of the material q235 
steel is taken as 0.05, and the damping parameters α and β are 
calculated from the ϐirst two vibration modes (Table 2).

Selection and adjustment of seismic waves

According to the actual situation, this paper selects four 
natural waves, EI-centro waves, Northridge waves, TAFT 
waves, Tianjin waves, and an artiϐicial wave synthesized 
according to the code response spectrum, as shown in Table 3. 
After veriϐication by the earthquake elastic response spectrum 
method, the selected seismic waves meet the requirements 
of effective peak value, duration, etc. Therefore, these three 
seismic waves and artiϐicial waves are selected to calculate and 
analyze the two frames. According to the seismic design code 
of my country [33] The peak values   of seismic acceleration for 
different seismic fortiϐication intensities are shown in Table 4.

Node frame seismic response analysis
Comparative analysis of the maximum 
acceleration of each layer of the two models 

The acceleration response analysis of the J-1 and J-2 frames Figure 4: Portal frame solid model.

Figure 5: Simplifi ed model of portal frame.

Figure 6: Comparison of load-displacement curves.
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under earthquake action is shown in Figures 7, 8. The results 
in the ϐigure show:

The maximum acceleration of the steel frame (J-2 frame) 
with ϐlange thickened bone node connection is lower than 
that of the J-1 frame. This is because the rotational stiffness 
of the ϐlange-widened bone node increases the damping ratio 
of the overall structure, thereby suppressing the acceleration 
response. By comparing the acceleration trends of the two 
frames, it is found that the maximum acceleration of each 
layer of the two frames is slightly different. Under the action 
of horizontal seismic waves, the acceleration shows an 
increasing trend with the increase of the peak value of the 
seismic wave; this is mainly due to the early yielding of the 
beam-column node of the steel frame with ϐlange widening 
skeleton node in the node domain, which makes it enter the 
plastic stage earlier, thus showing a more signiϐicant node 
response under seismic excitation. 

Comparative analysis of the maximum 
displacement of each layer of the two models

The displacement response analysis of the J-1 and J-2 
frames under seismic action is shown in Figure 8. The results 
in the ϐigure show that under the action of the same seismic 
wave with different intensities, the maximum displacement of 
the J-2 frame with a ϐlange widening skeleton node is lower 
than that of the J-1. This is because the J-2 frame beam-column 
node is connected by the end ϐlange reinforced skeleton node, 
which leads to a slight decrease in the overall lateral stiffness 
of the structure. However, the ϐlexible design of the J-2 frame 
facilitates the realization of a controllable plastic hinge 
mechanism and the optimization of the distribution of seismic 
energy in the spatial dimension.

Table 1: The ϐirst three formation periods of new nodes and rigid nodes.
Formation New node steel frame period/s Rigid node period/s %

1 0.9775 1.0330 5.68
2 0.7987 0.7416 7.14
3 0.6005 0.6733 12.13

Table 2: Frame damping parameters.
Frame name J-1 J-2

Damping parameters α β α β
Q235 Stell 0.354057233 0.00687064 0.353748028 0.006995514

 

a) Taft wave 

 

b) Northridge wave 

 

c) EI-Centro wave 

 

d) Artificial wave 

Figure 7: Maximum acceleration of the frame under each seismic waves.

Table 3: Parameters of different seismic waves.
Seismic wave name Time interval (s) Duration (s) Peak acceleration (mm/s²)

EI-Centro 0.02 57.74 3417
Northridge 0.005 46.925 2834

TAFT 0.01 54.16 1742
Tianjin 0.01 19.2 1454

Artiϐicial 0.02 40 1000

Table 4: Maximum value of acceleration time history (mm/s²).
Earthquake impact 6 degrees 7 degrees 8 degrees 9 degrees

Frequent earthquakes 180 350 (550) 700 (1100) 1400
Rare earthquakes 1250 2200 (3100) 4000 (5100) 6200

Note: The values in brackets are used for the design of areas with earthquake 
accelerations of 0.15g and 0.30g, respectively.
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a) Taft wave 

 

b) Northridge wave 

 

c) EI-Centro wave 

 

d) Artificial wave 

Figure 8: Maximum displacement of the frame under each seismic wave.

a) Taft wave 

b) Northridge wave 

c) EI-Centro wave 

d) Artificial wave 

Figure 9: Maximum inter-story displacement angle of the frame under 
each seismic wave.
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It can be concluded that when the frame is excited by 
seismic waves, the overall ductility and energy dissipation 
capacity of the frame are effectively improved after adding 
the ϐlange-widened bone node, and the overall seismic 
performance of the frame is also further improved.

Comparative analysis of the maximum inter-story 
displacement angle of each layer of the two models

The maximum inter-story displacement angle results of 
the J-1 and J-2 frames under earthquake action are shown in 
Figure 9. The results in the ϐigure show:

Under the rare earthquake condition of 7 degrees, the 
maximum inter-story displacement angle of the ϐlange 
widened bone node frame (J-2) is 0.007rad, which is 26.32% 
lower than that of the steel frame (J-1: 0.095 rad), meeting the 
elastic-plastic displacement angle limit requirement (0.020 
rad) speciϐied in the Code for Seismic Design of Buildings 
GB50011-2010. When the design intensity is increased to 9 
degrees, the displacement angle reduction rate remains at 
13.47%, indicating that the new node has a continuous and 
stable displacement control capability under the action of a 
large earthquake. Due to the existence of plastic hinges, the 
horizontal inter-layer displacement angle of each layer of the 
J-2 frame is lower than that of the J-1 frame. The new node 
improves the equivalent lateral stiffness and displacement 
coordination coefϐicient of the structure through a three-stage 
collaborative working mechanism: stiffness coordination in 
the elastic stage, moment redistribution in the elastic-plastic 
stage, and shear deformation concentration in the plastic 
stage.

Comparative analysis of the maximum base shear 
force of each layer of the two models

According to the following Table 5-8, by analyzing the 
maximum base shear force at the bottom of the column in 
two directions, it can be obtained that under the action of 
earthquake waves, the maximum base shear force of the F-2 
frame is smaller than that of the F-1 frame, and the maximum 

Table 5: Maximum base shear force of J-1 and J-2 under the taft wave
Peak earthquake acceleration 2200 mm/s² 4000 mm/s² 6200 mm/s²

J-1 Base shear force (kN) 83.308 117.10 160.17
J-2 Base shear force (kN) 82.687 114.85 156.69

Difference (%) 0.74 1.92 2.17

base shear force under earthquake action is mainly related 
to the intensity of the earthquake wave, which is within the 
reasonable bearing range of the steel structure. Among them, 
under the action of TAFT waves with a peak acceleration of 
4000mm/s², the base shear force of the J-2 frame is reduced 
by 18.08% compared with the J-1 frame. This is because the 
addition of the widened ϐlange bone node improves the overall 
ϐlexibility of the structure and reduces the shear force borne 
by the column base, which conforms to the node stiffness 
degradation law. Therefore, it can be concluded that the 
new node connection can make the structure better absorb 
and disperse seismic energy during an earthquake, thereby 
improving the overall stability of the structure.

Conclusion
In this chapter, the simpliϐied modeling method of beam 

elements is adopted. By establishing a four-layer ϐlange 
thickened skeleton node frame and a rigid frame reϐined 
model, a comparative analysis is carried out, and the inϐluence 
of ϐlange-widened skeleton nodes on the seismic resistance of 
steel frames is obtained. The conclusions are as follows:

(1) The stiffness of the ϐlange-widened  bone node is 
lower than that of the traditional rigid node, resulting in a 
decrease in the overall stiffness of the frame. This reduces 
the horizontal displacement of each layer of the structure 
under earthquake action, optimizes the deformation capacity, 
enhances the force performance and ductility, and avoids 
brittle failure caused by excessive stiffness.

(2) The maximum base shear force of the ϐlange-widened  
bone node frame is lower than that of the traditional rigid 
frame, and is within the reasonable bearing range of the 
steel structure. This node effectively disperses and dissipates 
seismic energy by increasing the lateral displacement, 
signiϐicantly improving  the overall stability of the structure, 
and reducing  local stress concentration and seismic damage.

(3) The elastic-plastic inter-layer displacement angle of 
the ϐlange widened bone node frame under rare earthquakes 
is less than 1/50, which meets the requirements of the “Code 
for Seismic Design of Buildings” and can achieve the goal of 
“not collapsing in a major earthquake”, reϐlecting its superior 
seismic performance.

In summary, the appropriateness of the design of the 
beam-column node is related to the overall performance of the 
steel frame, especially the overall performance of the frame 
under dynamic loads. The seismic analysis results of the steel 
frame connected by the ϐlange widened bone node meet the 
requirements of the code under earthquake action. Compared 

Table 6: Maximum base shear forces of J-1 and J-2 under Northridge wave action.
Peak earthquake acceleration 2200 mm/s² 4000 mm/s² 6200 mm/s²

J-1 Base shear force (kN) 73.2789 124.248 138.408
J-2 Base shear force (kN) 71.9804 120.165 137.079

Difference (%) 1.77 3.29 0.96

Table 7: Maximum base shear force of J-1 and J-2 under the action of EI-Centro waves.
Peak earthquake acceleration 2200 mm/s² 4000 mm/s² 6200 mm/s²

J-1 Base shear force (kN) 107.604 133.48 163.756
J-2 Base shear force (kN) 90.7801 129.755 154.357

Difference (%) 15.64 2.79 5.74

Table 8: Maximum base shear force of J-1 and J-2 under artiϐicial wave action
Peak earthquake acceleration 2200 mm/s² 4000 mm/s² 6200 mm/s²

J-1 BASE SHEAR FORCE (KN) 74.8416 120.049 151.518
J-2 BASE SHEAR FORCE (KN) 73.1112 119.014 151.503

Difference (%) 2.31 0.86 0.009
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with the traditional rigid node, this node enhances the overall 
stability, seismic performance, and bearing capacity of the 
structure.
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