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ABSTRACT

ARTICLE HISTORY

As a new type of beam-column joint, external cover plate joints can be used in concrete-filled square steel tubular (CFSST)
structures. To accurately analyze the mechanical characteristics of this novel joint during structural design, it is necessary
to investigate the moment-rotation relationships. Based on the analysis of the force-transferring mechanism, the formulas
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to decide the initial rotation stiffness and ultimate bending moment are founded by using the component analysis method,

while the finite element analysis results are also utilized to verify these formulas. Considering the advantages and
disadvantages of the existing typical moment-rotation models, a new representation for calculating the moment-rotation
curve of the external cover plate joints is proposed using the ultimate bending moment and initial rotation stiffness as two
basic parameters. The research reveals that the moment-rotation model proposed in this paper is able to take all loading
stages of this joint into account, which facilitates the analysis of yield and ultimate loads. In addition, this model is smooth
and continuous at the piecewise points to avoid numerical problems that may be caused in the calculation. Comparing the
moment-rotation curves obtained by the calculation model and finite element simulation, the results show good consistency,
demonstrating that the moment-rotation model presented in this paper is applicable to the analysis and design of the external

cover plate joints.
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1. Introduction

Concrete-filled steel tubular (CFST) members have seen increased use in
actual engineering over the last few years for their high strength and ductility
[1]. To further improve the mechanical properties of the structures and reduce
the section size of the columns, the author's team proposed to put an I-shaped
CFRP profile in the CFST member, taking full advantage of three materials,
namely concrete, steel, and CFRP profile [2-4]. According to the seismic design
principle, the structures should remain stable under seismic loads. During the
process of resisting the earthquake, the joints between columns and beams
should provide sufficiently large strength and stiffness to survive the structures
under the earthquake. Therefore, the structural form and mechanical properties
of the joints have always been the focus of many scholars. Among the main
forms of beam-column joints, the joints with external diaphragms have the
advantages of clear force transmission, good plasticity, high bearing capacity,
and strong energy dissipation capacity [5-8]. Because of its own structural
characteristics, this joint enables the plastic hinge to occur first in the beam
section, allowing the beam to dissipate energy during the seismic event and thus
ensure the column does not lose its load-bearing capacity [9,10]. However, due
to a large amount of on-site construction work and high requirements for weld
quality, the external diaphragm joints are rarely used. To solve the problem of
low usage of the external diaphragm joints, our team proposed an external cover
plate joint suitable for connecting concrete-filled square steel tubular (CFSST)
columns and I-shaped steel beams. The proposed joint not only reduces the
amount of on-site construction work but also solves the problem of matching
the size of the external diaphragm with the column section in the traditional
external diaphragm joints. Moreover, this joint has the same benefits of clear
and reliable force transmission as the traditional external diaphragm joints.

All joints applied in practical engineering exhibit varying degrees of semi-
rigid characteristics. However, in structural design, beam-column joints are
usually simply regarded as completely rigid or hinged, so that only the moment
resistance of joints is calculated, the rotational stiffness, which plays a crucial

role in the stress distribution and deformation of the structure, is ignored [11,12].

Therefore, a thorough understanding of the rotational stiffness is necessary for
accurate structural analysis. The moment-rotation relationship enables us to
consider the rotation of the joints in structural analysis, so as to accurately
analyze the story displacement of the structure [13]. Although an approximately
accurate moment-rotation relationship captured from experiments or finite
element simulations is available, they require high economic or time costs.
Therefore, the insufficiency of experiments and simulations is generally filled
by founding theoretical models. In recent years, several influential moment-
rotation curve models have been proposed by numerous scholars. Ding et al.
[14] put forward an improved bilinear model, which was practical to use in

design because the mechanical behavior of a beam-column joint can be
predicted by only two parameters. Wu et al. [15] proposed a three-parameter
exponential function in which a shape-coefficient was introduced to adjust the
overall shape of the curve. Yee et al. [16] presented a four-parameter
exponential function that predicted the ultimate state of joints by introducing
the strain hardening stiffness. Frye et al. [17] proposed a polynomial model by
fitting multiple sets of experimental data with the least squares method. Colson
[18] and Kishi [19] proposed power function models to obtain the ultimate
bending moment of joints by solving asymptotes. To achieve a more precise
mathematical model, Ang et al. [20] recommended a four-parameter power
function model based on the Ramberg-Osgood function. The existing moment-
rotation models can generally be classified into two types: piecewise function
models and single nonlinear function models. The piecewise function model is
prone to abrupt changes at the breakpoints, which may lead to numerical
problems such as computational non-convergence in the subsequent analysis. In
contrast, the single nonlinear function model has no clear definition for all
loading stages of joints.

In this study, we analyzed the force-transferring mechanism of the proposed
joint through numerical simulations. Additionally, the component method is
introduced to analyze the external cover plate joint. To accomplish this
objective, the force-transferring mechanism of the basic components is
identified and clarified. Then, the calculation formulas for ultimate flexural
capacity and initial rotation stiffness are derived utilizing the principle of the
component method. Finally, considering the advantages and disadvantages of
the typical moment-rotation models, according to the ultimate flexural capacity
and initial rotation stiffness as two primary factors, a novel mathematical
representation is presented to determine the moment-rotation relationship. The
research results obtained in this paper can improve the design theory of this type
of joint and provide a research basis for its application to concrete-filled square
steel tubular structures.

2. Connection details and finite element model

In this section, we presented the specific details of the external cover plate
joint and discussed the method of building a fine finite element model using the
nonlinear analysis software ABAQUS.

2.1. Connection details

To solve the problem with the low usage of external diaphragm joints, our
research group has proposed the external cover plate joint. The main
components of this joint are cover plates, angle steels, and high-strength bolts.
Compared with the traditional external diaphragm joint, this novel joint solves
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the installation inconvenience caused by the deviation between the opening size
of external diaphragms and the section size of columns, achieving the
detachable connection and thus meeting the requirements of the fabricated
building. Fig. 1(a) presents the overall schematic of the joint.

Every part of the joint can be prefabricated in the factory. The cover plate
can be pre-welded to the upper flange of the beam before on-site assembly. Also,
the angle steels are connected to the steel tube by fillet welds in advance. When
assembling on-site, the cover plates and lower angle steels are connected by
high-strength bolts in advance as temporary support for subsequent assembly,
and the upper angle steel plays a positioning role. After the beam and column
are lapped, the cover plates are connected with the upper angle steel by high-
strength bolts. Finally, the welding work between the cover plate and the lower
flange of the beam as well as the welding work between the beam web and the
square steel tube are carried out. It is worth noting that all cover plates and steel
tube are not welded. The assembly process is shown in Fig. 1(b).

The sizes of the base model (JZ-1) for finite element model analysis are as
follows: The section size of the composite column is 250 %250 mm?, the wall

Concrete

< Cover plate
CFRP ——

Steel tube

High-strength bolts

Angle steel

(a) Assembly view
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thickness is 10mm, and the height is 3000mm; The beam is made of 300 <150
6.5 <9 mm |-steel, and the length is 1500 mm; The section size of angle steel
is L90 <10 mm, and the length is 770 mm; The cover plate size is 430 %260 x
10 mm. According to the relevant design references [21-23], the sizes of the
joint were checked, and the joint met the design principle of "strong column and
weak beam, strong connection and weak members". Grade 10.9 M20 high-
strength bolts are adopted for all connecting bolts. Each component’s material
strength of the joint is shown in Table 1. The specific size of the finite element
model is shown in Fig. 2.

Table 1

Material strength
Materials Steel tube Concrete Beam Angle steel Cover plate
Strength Q460 C60 Q355 Q355 Q355

Positioning service

Bolt fastening

emporary support

(b) Split view

Fig. 1 External cover plate connection overview
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Fig. 2 Details of the specimens

2.2. Refined finite element model

2.2.1. Material constitutive model

Considering the confinement effect of the square steel tube, the constitutive
relation of infilled concrete proposed by Han [24] is adopted in this paper,
with the range of application being f., = 30~120 MPa, f, = 200~700 Mpa. A
trilinear model considering the strengthening stage and the descending stage
was used for the constitutive relation of steel. The I-shaped CFRP profile was
made of internal unidirectional carbon fiber and external bi-directional carbon
fiber by the pultrusion process, so it could be regarded as a three-layer
orthogonal anisotropic material. A subroutine based on a secondary
development in ABAQUS was utilized to define the CFRP material
characteristics, and the Tsai-Wu failure criterion was used to discriminate
whether its elements were damaged.

2.2.2. Contact analysis model

A frictional contact with a friction coefficient of 0.6 was used in the
tangential direction for producing the contact surface between the square steel
tube and the infilled concrete. Hard contact was used to mimic the contact
behavior in the normal direction. The same settings were also applied to the
contact surfaces between the cover plates, angle steels and high-strength bolts,
except the tangential friction coefficient was 0.45. Tie restraint was used at the
contact surface between the 1-shaped CFRP profile and the concrete because the
experimental results in [25,26] showed no relative sliding between the CFRP
profile and concrete after loading. The cover plates and beam flanges were not
welded with the steel tube, so the contact relationship between each of them and
the steel tube was simulated by the “friction” and "hard” contacts with a friction
coefficient of 0.45. Fillet welds were adopted for the connection between the
angle steels/beam webs and the steel tube, so the tie constraints were applied
between angle steels, beam webs and the steel tube. Similarly, the fillet welds
were adopted between the cover plates and the beam flanges, because the
contact relationship between them was taken as the tie constraint.

2.2.3. The boundary conditions and meshing

Fig. 3 shows the boundary conditions and meshing of the numerically
simulated model. To avoid the occurrence of out-of-plane instability, the
constraints of the lateral support on the beam were simulated by limiting the
degrees of freedom along the Y-direction in the end section of the beam. Only
the degree of freedom in the Z-direction on the top of the column was not
restrained and applying an axial load (No) with an axial load ratio of 0.3 to the
top of the column. Fixed restraint was used at the bottom of the column.

The I-shaped CFRP profile was modeled by the SC8R (continuous shell
element), and a sweeping mesh method was adopted with the sweeping paths
following the thickness direction of the flange and web respectively. Besides,
concrete, steel tube, cover plates, angle steels, and beams were modeled by the
C3D8R (eight-node reduced integral solid element). The meshing method used
the structural mesh method. In addition, the panel area and the beam section

connected to the cover plate were divided more intensively in the meshing.
N,y

. U3=URI=UR2=0

Fig. 3 Boundary conditions and meshing



Guo-Chang Li et al.

2.2.4. Accuracy verification of finite element model

To assess the validity of the modeling approach, a few specimens from the
current references [27,28] were simulated using the aforementioned finite
element modeling technique. Fig . 4 compared the experimental and finite
element simulation findings. It can be seen that the simulation results closely
match the curves provided in the references. In summary, the finite element
modeling method presented in this paper is precise and can be applied for
subsequent analysis.
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(b) Comparison with the skeleton curves in [28]
Fig. 4 Verification of finite element modeling method

3. Transfer mechanism analysis

In this study, it is considered that the bending moment applied to the beam
can be decomposed into a set of horizontal loads on the beam flanges and the
vertical load on the beam web, which is transferred to the panel zone of the
combined column through the connectors. Therefore, based on the analysis of
the distribution of horizontal and vertical stresses on the steel beam, cover plate,
angle steel, and steel tube, this section discusses the force transmission
mechanism of such composite joints.

In addition, since the stress distribution on each member does not change
significantly from the beginning of loading to the peak load stage and only the
stress value changes, the analysis can reveal the transmission mechanism of the
joint by selecting a specific moment in the loading process.

3.1. Horizontal stress distribution

3.1.1. Horizontal stress distribution of steel beam

Fig. 5(a) reveals that, aside from the beam flange, the bending moment at
the beam end can be resolved into a set of horizontal loads of equal magnitude
and opposite directions acting on the beam web. When the shear force is exerted
on the beam section, a distinct area of tension and compression forms at the
beam web.

In ABAQUS, the path analysis approach was utilized to examine the
horizontal stress distribution in the beam flange and web section. According to
Fig. 6(a), point B is the position of the cross-section where the stress mutation
occurs on the beam flange, and point A is the location of the cross-section where
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the beam flange is connected to the cover plate. It is observed that the curve at
point B has a mutation, and the mutation position is about x = 300 mm.
Compared with the upper flange of the steel beam, the position where the stress
mutation of the lower flange is more obvious, indicating that the plastic
deformation of the lower flange is more significant. The flange of the steel beam
began to connect with the cover plate at point A, and the stress began to decrease
rapidly after passing point A, indicating that the horizontal stress passed through
the beam flange to the cover plate. In addition, the horizontal stress at the beam
web starts to decline before reaching point A, indicating that the tensile and
compressive forces at the web of the steel beam are first introduced into the
beam flange and then transferred to the cover plate.

3.1.2. Horizontal stress distribution of cover plate

In Fig. 5(b), the transmission path of principal stress at the cover plate
shows that the stress on the cover plate mainly comes from the flange of the
steel beam and continues to be transmitted to the bolt holes along the 45<
oblique direction.

Since the stress distribution of the cover plate is almost the same when it is
in tension and compression, only the tensile stress distribution in different
sections of the cover plate was analyzed, as shown in Fig. 6(b). It can be seen
that the tensile stress in section ‘1-1’ is the largest between the area of x = 140
mm and 290 mm, which is because the beam flange is connected with the edge
of the cover plate, and the tensile stress on the beam flange is transferred to the
cover plate from this region. According to the figure, as the section position
shifts from <1-1’ to ‘6-6’, the location of the maximum tensile stress shifts
outward from x = 215.2 mm to 139.9 mm, indicating that the tensile stress on
the cover is mainly transferred to the bolt holes in the oblique direction. Due to
the stress concentration at the bolt hole, the stress values of the curve at x = 45
mm and x = 385 mm has a certain degree of mutation. Through the comparative
analysis of sections ‘3-3°, ‘4-4’, ‘5-5” and ‘6-6’, it is found that the tensile stress
has been reduced to a greater extent in turn, with the tensile stress value in
section ‘6-6’ close to 0 at x = 90 mm to 340 mm, indicating that most of the
tensile stress is not transmitted through the cover plate into the column wall, but
through the cover plate to the bolt hole, and from the bolt to the angle steel. By
analyzing the tensile stress values in the six sections in the figure, asignificant
decrease in the tensile stress values of sections ‘4-4” and ‘5-5’ is observed,
indicating that most of the tensile stress is transmitted to the bolts in the second
and third rows. In addition, there are negative values of tensile stress in sections
‘4-4’, ‘5-5” and ‘6-6", which are caused by the friction between the surface of
the nuts and the surface of the cover plates.

3.1.3. Horizontal stress distribution of angle steel

From the transmission path of the principal stress at the angle steel in Fig.
5(c), the stress transmitted from the cover plate continues to be transmitted
mainly along the horizontal limb of the angle steel and finally to the steel tube.

According to the Fig. 6(c), the distribution of tensile stress on the horizontal
and vertical limbs of the angle steel was analyzed respectively. Comparing the
changes in stress value on the horizontal limb sections ‘1-1’ to ‘4-4’ of the angle
steel, it can be seen that the closer the position of the section is to the column
wall, the lower the maximum stress value of that section. In addition, the loca-
tion where the stress value appears to decrease is between x = 214.3 mm and
233.4 mm. In contrast, there is a significant increase in stress in section ‘5-5” of
the angle steel’s vertical limb in this region, indicating that most of the tensile
stress on the horizontal limb is transferred to the vertical limb of the angle steel.
At the location where the angle steel is connected to the steel tube, i.e., x = 260
mm, there is a substantial decrease in the stress on sections ‘4-4’ and ‘5-5’, in-
dicating that most of the tensile stress on the angle steel is eventually transferred
to the wall of the steel tube.

3.1.4. Horizontal stress distribution of steel tube

From the transmission path of the principal stress in Fig. 5(d), it can be
verified that most of the horizontal stress on the angle steel is introduced into
the corner of the steel tube wall.

Fig. 6(d) displays the stress distribution on the composite column's steel
tube. It is observed that the stress at the steel tube wall increases gradually in
the range of x =0 mm to 12 mm, indicating that most of the tensile stress on the
angle steel is transferred to the steel tube in this region. Notably, the
compressive stress developed on the steel tube wall in sections ‘3-3” and ‘4-4’
is due to The angle steel being subjected to vertical shear force from the beam
end thus producing bending moments near the steel tube. Similar to the bending
moment at the beam end, this bending moment is also transformed into a set of
forces of equal magnitude and opposite direction applied to the cross-section of
the angle steel.
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Fig. 6 Horizontal stress distribution on each component of the joint

3.2. Vertical shear stress distribution

3.2.1. Vertical shear stress distribution of steel beam

The vertical stress in different sections of the steel beam was extracted
using the path analysis method as shown in Fig. 7(a). There is a more obvious
rise at x =700 mm to 1500 mm in section ‘3-3” compared to the other sections
in the figure, indicating that the shear stress at the end of the beam is delivered
inward from the center of the beam web. The vertical stress of sections ‘2-2
and ‘4-4’ increases in the range of x = 260 mm to 450 mm. However, the vertical
stress of sections ‘1-1” and ‘5-5” only increases in the range of x =0 mm to 260
mm, and the increase is remarkable, indicating that the shear stress began to
spread to the upper and lower sides of the web at about x = 450 mm, and rapidly

transferred to the upper and lower edges of the web at x = 260 mm.

3.2.2. Vertical shear stress distribution of cover plate

The vertical stress at different sections on the cover plate was analyzed as
shown in Fig. 7(b). Section ‘1-1’ shows a large vertical stress at x = 215 mm
with a value of 17.2 MPa, indicating that a part of the vertical shear stress on
the beam web is transferred to the centerline of the cover plate. On the other
hand, section ‘2-2” shows a significant decrease in the vertical stress value at x
= 215 mm, indicating that most of the vertical stress on the cover plate is not
transferred along the centerline of the cover plate, but to the sides. It is worth
noting that there is a large increase in the vertical stress at x = 80 mm to 175
mm and x = 290 mm to 350 mm for all sections, which is due to the vertical
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limbs of the angle steel acting as vertical supports and providing larger reaction
forces, indicating that most of the vertical shear stress on the cover plate is
transferred to the vertical limbs of the angle steel. Sections ‘2-2’, ‘3-3” and ‘4-
4°) show larger vertical stress at x = 45 mm and x = 395 mm, which is caused
by the nut restraining the edge of the cover plate from buckling, indicating that
a portion of the vertical shear stress on the cover plate is also transferred to the
horizontal limbs of the angle steel through the bolts.

3.2.3. Vertical shear stress distribution of angle steel

Fig. 7(c) shows the distribution of vertical stress at different sections of the
angle steel. Large vertical stress appears at x = 65 mm, x = 130 mm, and x = 195
mm for sections ‘1-1°, ‘2-2” and “3-3’ of the horizontal limb of the angle steel,
indicating that part of the shear stress is transferred to the horizontal limb of the
cover plate through the bolts. On the contrary, sections ‘4-4’ and ‘5-5’ show a
gradual increase in vertical stress in the range of x = 0 mm to 195 mm, and the
vertical stress value in section ‘5-5’ is much higher than in other sections,
indicating that most of the shear stress is transmitted into the vertical limb of
the angle steel. In the range of x = 200 mm to 260 mm, the vertical stress values
of sections ‘1-1’, ‘2-2’ and ‘3-3" show a substantial decrease, whereas the
vertical stress values of sections ‘4-4> and ‘5-5° show a greater degree of
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elevation, demonstrating that the shear stress on the angle steel is transferred to
the position close to the column section. Because of the restraining effect of the
steel tube web on the angle steel, the maximum value of vertical stress occurs
in sections ‘4-4” and ‘5-5’ both at x = 360 mm, indicating that the shear stress
on the sections of the angle steel is transmitted into the steel tube web.

3.2.4. Vertical shear stress distribution of steel tube

The shear stress distribution on different sections of the steel tube wall is
shown in Fig. 7(d). The vertical stress values at y = 112.5 mm and y = 412.5
mm for section ‘1-1” are 495.6 MPa and 158.4 MPa respectively, indicating that
a part of the vertical stress on the beam web is directly transferred to the steel
tube wall. About 70% of the vertical shear stress is transmitted to the steel tube
along the web on the compressed side of the steel beam. The vertical shear stress
of sections ‘2-2” and ‘3-3’ at y = 112.5 mm is increased by 6.7 % and 9.1 %
respectively, with a minor increase in stress values. In contrast, the vertical
stress values at y = 412.5 mm in both sections show a significant change,
indicating that there is also a portion of vertical shear stress transmitted into the
corner of the steel tube wall through the angle steel, and mainly through the
angle steel on the tensile side.
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Fig. 7 Vertical stress distribution on each component of the joint

3.3. Stress distribution in the panel zone of the combined column

Considering the previous analysis, it is clear that the horizontal force acting
on the beam flange and the vertical shear force acting on the beam web is
eventually introduced into the column wall through the components of the joint.
As a result, the horizontal forces and vertical shear force from the beam end are
transformed into shear force after being transferred into the panel zone of the
combined column. Fig. 8 shows the stress distribution within the core area of
the joint is shown in Fig. 8. It has been noted that the steel tube web, the
infilled concrete, and the I-shaped CFRP profile web all take the shear force
within the joint's core area. Among them, the shear force shared by the steel
tube web is significantly greater than the shear force shared by the concrete and
CFRP profiles.
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Fig. 8 Shear stress distribution in the panel zone
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3.4. Transmission path of the joint

In summary, the transmission paths of the horizontal and shear forces on
the beam are shown in Table 2. In addition, a single diagram to demonstrate the
transmission path schematic of the external cover plate joint is shown in Fig. 9.
In this diagram, M represents the bending moment supplied to the beam section,
N represents the compressive load transferred along the beam flange, T
represents the tensile load sent along the beam flange, and V represents the shear
force transmitted along the beam web.

Table 2
The transmission path of the joint

Horizontal force Beam flange — Cover plate — Angle steel — Steel tube

Beam web — Steel tube

Vertical shear force
Beam web — Cover plate — Angle steel — Steel tube

—
A
T

—_—— |
nu

M

21 <1 |-
=

Fig. 9 Schematic diagram of the transmission path

4. Initial rotational stiffness analysis

The component analysis is a method currently used by the Eurocode to
determine the initial rotational stiffness of beam-column joints. According to
the concept of the component method, any joint can be divided into three
different parts: tensile, compressive, and shear regions. Each region has several
load-bearing components to bear the corresponding load. According to the
analysis of the load transfer mechanism in Section 3, it is clear that the
transmission mechanism of this joint is simple, and all components are planar
components, so this new combined joint can be analyzed by applying the
principle of the component method.

A crucial factor in describing the moment-rotation curve is the initial
rotational stiffness. To obtain its precise formula, we simplified the basic
components of the joint to spring elements based on the principles of component
analysis. First, we calculated the stiffness of each spring element, and then we
combined all spring elements into a simplified spring model. Finally, the initial

P 7
Ry —— A 0220
N ® AN
ey a
- ok ko 7
v ~ g ke Z
\\ [ )
. il’f wonk cprp 7
.
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(a) Spring element model
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rotational stiffness of the entire joint was calculated.
4.1. The basic components of the joint

The joint can be divided into tensile, compressive and shear regions under
loading, and each part consists of several components. These components can
simplify the two-dimensional force model of the joint under bending moment
to the one-dimensional force model under tension and compression for
calculation.

By analyzing the load transfer mechanism of the joint, the tensile
(compressive) components are mainly the steel tube web, cover plate, angle
steel, steel beam flange, and steel beam web; the shear components are mainly
the steel tube web, concrete and I-shaped CFRP profile web.

4.2. Simplified spring model

The following can be assumed in light of the finite element analysis's
findings: (1) Each member is in an elastic condition, and there is only minor
deformation; (2) Each component satisfies the plane section assumption; (3)
The center of rotation is centered between the flanges on either side of the beam.

The connecting portion of the entire joint is simulated by five pairs of
springs, namely the cover plate, angle steel, beam flange, beam web, and the
steel tube web in bending. The core area of the joint is simulated by three springs,
namely the steel tube web in shear, the concrete in shear and the I-shaped CFRP
profile web in shear. By dividing the tensile and compressive stress regions at
the beam web (Fig. 10), the joint is simplified to a set of springs, and thus the
rotation resulting from the bending deformation of the steel beam web is
considered.

Fig. 10 Division of stress region

In calculating the rotation caused by the lateral deformation of the column
section subjected to shear, the shear deformation of each component in the
composite column can be considered the same due to the cooperative working
characteristic of the column. Therefore, the steel tube web, concrete and I-
shaped CFRP profile web can be modeled as three parallel shear springs. In
summary, the joint is simplified to the spring element model in Fig. 11(a). After
unifying the springs with the same force state, an equivalent spring element
model can be obtained (Fig. 11(b)).

&, 8

(b) Equivalent spring element model

Fig. 11 Calculation model for initial stiffness

In Fig. 11, kg and ke, stand for the stiffness of beam flange under tension
and compression respectively. kg and ke represent the stiffness of the cover
plate under tension and compression. ki and ke, are the stiffness of angle steel
under tension and compression. ki and kg are the stiffness of steel tube web
under tension and compression. ki, for the tensile stiffness of the steel beam
web, which is divided into two portions, kw: and kwe. kew Stands for the
compressive stiffness of the steel beam web, including kewi and Kewe. ko Stand
for the shear stiffness of the steel tube web, k.. represents the shear stiffness of
the concrete, and k.crrp Means the shear stiffness of the I-shaped CFRP profile

web. Kieq, Keeq and keq denote the equivalent stiffness of the joint under tension,
compression and shear respectively. ¢, stands for tension-related deformation,
d, for compression-related deformation, and J. for shear-related deformation. 6,
is the rotation caused by tensile deformation, 6 is the rotation caused by
compressive deformation, and 6, is the rotation caused by shear
deformation. Ziq represents the equivalent distance between the centroid of the
tension spring element and the beam centre, Z.q stands for the equivalent
distance between the centroid of the compression spring element and the beam
centre, and Zq for the equivalent height of shear section.
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Corresponding to Fig. 11, the following equations are established according
to the force equivalence and bending distance equivalence:

kteqzlqul = ktg Ztgg/ + ktbzlbgl + klwlz1W01 + kthztwg1 + ktaZlael + kttzttgl (1)
KeeqZizall = KigZig O + Ky Z 50, + KiyaZ&a6s + Ky 2, + Ka 256, + Ko 256, )

KeeqZeeqs = KegZogy + Ky Z oy 0o + Ky Zowly +KyoZowly +Keacaly + Kt Z 16, 3)

w2

KeeqZaqts =KogZ&y 0y + Ky Z 3 0, + K yn 28O +KypZ 26, +KeaZ56, + K1 236, (4)
Combining Egs. (1 to 4) yields:

— ktg Zé + ktbzti + ktwlzjv + kthztiv + ktazéx + kttzt%

e ktg Ztg + ktbztb + ktwlztw + kIWZZIW + ktazta + kttzn (5)
— kcgzczg + kcbzczh + kcwlzczw + kcwzzc%/v + kcazcza + kctzczt (6)
s kcgzcg + kcbzcb + kcwlzcw + kcwzzcw + kcazca + kctzct
kt _ (ktg Ztg + ktbztb + klwlztw + kthth + k(azta + knzn)z (7)
“ ktg thg + kleé + k!wlzt%lv + leZZI\ZN + ktazé + knztf
_ (kcg ch + kcbzcb + kcwlzcw + kchch + kcaan + kctzct)z (8)

ceq 2 2 2
KigZeg +KpZ gy + Ky Zoy +K

2 2 2
cwzzcw + kcazca + kctzct

where Z; and Z4 are the distance between the centroid of the spring element of
the cover plate and the beam center, Zy, and Z, are the distance between the
centroid of the spring element of the steel beam flange and the beam center, Zy,
and Z., are the distance between the centroid of the spring element of the steel
beam web and the beam center, Zi, and Z, are the distance between the centroid
of the spring element of the angle steel and the beam center, and Z; and Z; are
the distance between the centroid of the spring element of the steel tube web
and the beam center.

Under pure bending, the calculation models of tensile and compressive
stiffness are the same, the areas of joints under tension and compression are
symmetrical, and the tensile stiffness is the same as the compressive stiffness.
Thus, Zieq= Zceq, kteq: kceq-

The shear deformation J, in the core zone of the joint is mainly contributed
by the web of square steel tube (J.), the cross-section of the infilled concrete
(d«) and the cross-section of the I-shaped CFRP profile web (J.crrp). The force
and deformation of each shear spring satisfy the relationship as follows:

F=F,+F +Fcm 9

8,=9,,=8, =0 (10)

where F; is the total shear assumed by the core zone of the joint, F,, F. and
F.crre are the shear force taken by the steel tube, the infilled concrete, and the
I-shaped CFRP profile web, respectively.

The following equation is established according to the cooperative working
characteristic of the column:

(11
kzeq = krw + krc + szFRP

4.3. Calculation of the mechanical model of the plate

Fig. 12 shows the mechanical calculation model of the plate. Based on
Hooke’s law of a tension rod, the tensile stiffness of the rectangular plate (Fig.
12(a)) is calculated according to Egs. (12 to 15); while the tensile stiffness of
the triangular plate (Fig. 12(b)) is calculated by Eqg. (16).
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L FHdx L L Jhdx L

H H
(b) Triangular plate

(a) Rectangular plate

Fig. 12 Mechanical model of the panel

Adopting the calculation method in reference [29], the tensile stiffness in
Eq. (15) of the rectangular plate can be derived according to Egs. (12 to 14),

A= tdx=Ht (12)
AL:%:EFTL” (13)
k= ﬁ (14)
K, = % (15)

similarly, the tensile stiffness of the triangular plate is calculated as:
k, =Et-tana (16)

In Egs. (12 to 16), AL is the deformation of the panel induced by the force.
F is the tensile force on the panel. A is the area of the panel. L and H are the
lengths of the panel in the direction of force and vertically to the direction of
force respectively. E and t stand for the elastic modulus and thickness of the
panel respectively. k, kg and kr are the stiffness namely the general panel under
tension, the rectangular panel under tension and the triangular panel under
tension, respectively.

4.4. Calculation of the initial rotational stiffness
4.4.1. Calculation of the component stiffness under tension (compression)

Based on Fig. 12 and Egs. (15 and 16), the stiffness of each spring element
can be calculated as follows:

‘, :%gtg an
Ky =E,L (18)
- Ewt(r;bb; 2t,) )
K :% (20)
k= Bl (21)
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bending moment applied on both sides of the joint has equal value and the same

direction, (3 can be taken as 2 [30].

K, :M (22) Utilizing the previous mentioned formula, the shear deformation of steel
2, tube web (d.), the shear deformation of concrete (J.), and the shear
deformation of I-shaped CFRP profile web (d.crre) are derived as follows:

In Egs. (17 to 22), Eg, Es, Ew, Ea and E; are the elastic modulus of

components namely cover plate, steel beam flange, steel beam web, angle steel vz

and steel tube web, respectively. lg, I, I;and I, are the lengths of the components 3, =20+ V)?m (30)

namely cover plate, angle steel, square steel tube and steel beam, separately.

The thickness of the cover plate, angle steel, square steel tube and steel beam

flange applies tg, t,, t; and t; to represent in the above formulas. b, and by are the

width of the angle steel limb and cover plate along the beam. h, represents the vZ

height the of steel beam section. O :m ()
According to the structure of the external cover plate joint, the rotational

distance between each spring element and the beam center is calculated as

follows :

vz
Srwcrre = ﬁ (32)
Zt _ hﬂ +tg (23) {CFRP FRP
¢ 2
In Egs. (30 to 32), G, and G.crrp represent the shear modulus of concrete
and I-shaped CFRP profile web, respectively. A., Ay, and A.crrp are the shear
B h -t ”» cross-sectional area namely steel tube web, infilled concrete and I-shaped CFRP
Zy= 2 249 profile web. v represents the Poisson’s ratio.
Substituting the above parameters into Eq. (14) yields the stiffness of each
shear component as follows:
h, -2t
z, =— 3 ! (25) . £
R TR v (33)
-t
Z,= h, > 2 (26)
_F _Gal( —2t)" — A
k =—e = Zell 74 = Aomel
L 7. (34)
h, +2t
Z, = 9 27
b 4
k — FzCFRP - GNV.CFRPAIW.CFRP (35)

Substituting the stiffness and rotational distance of each component into M S PZy

Eqs. (5 to 8) yields Kieq, Keeq, Zteq, and Zceq.

4.4.2. Calculation of shear component stiffness From Eq. (10), the equivalent shear stiffness can be yielded as follows:
The above analysis shows that the shear force is mainly supported by the

steel tube,_con_crete.and CFRP profile yveb in the panel zone of thejqipt. In order « __ Bl G, Z2) A ] , Cuucsro A "

to determine its stiffness in shear (dcw,), the panel zone of the joint can be 20+ v)BZ,, BZ., BZ., (36)

viewed in Fig. 13 as a short column subjected to shear [16]. As a result, Eq.

(28) can be used to determine the shear deformation of the column web under

where Z.q= hy+ 2t,.

shear.
v [, - o - - .
S 4.4.3. Calculation of initial rotational stiffness of the whole joint
i ‘l i | The rotations caused by moment deformation and shear deformation under
L ! |‘I the application of external load are calculated as follows:
(N I
1 I
gl i "
N H L S =
| | = 37)
| | T Zaken
1 1
v s=_M
) . , = (38)
Fig. 13 Deformation of the column web under the shear force Z . Kieq
Oon = VZeq (28) M
v = GA, . o, =
A\" : Zzeqkreq (39)
where A, Stands for the shear cross-sectional area of the column web. o . . .
The shear force on the column web can be obtained from the horizontal The joint's overall rotation (¢) can be separated into the rotation (6\) caused
force transmitted from the beam flange as in Eq. (29). by bendmg_deformatl_oq and t.he_ rotation (6;) brought (_)n by shear deformation,
so the rotation of the joint satisfies Eq. (40). The bending moment at the end of
the beam is transformed into a set of the horizontal force of tension and
V = BF (29) i i
compression at the upper and lower flanges, and the rotation caused by the

bending moment can be separated into the rotation () caused by tensile
deformation and the rotation (0;) caused by compressive deformation of the

where S is the parameter related to the number of sheared edges. Since the object
component, as shown in Eq. (41).

of this paper belongs to the beam-column joint of the middle column, and the
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0=0,,+6, (40)

O =6,+6, (41)

Substituting Egs. (37 to 39) into Egs. (40 and 41), the rotation caused by
the overall deformation of the joint can be yielded as follows:

é‘l+§c+zé‘r =M i(i+i

0=06,+06 =
m T 0, Zezq kteq K

1
)+ W] (42)

eq 7eq ceq 7eq " \req

Finally, the initial rotational stiffness (K;) can be calculated as follows :

KM _ 1 ~ 1
T 1.1 1 1 2 1 (43)
22 G ) T2k, 72k T ZEk
eq kteq ceq req’ ‘req eq’ \teq req’ “req

4.4.4. Verification of the calculation results for initial rotational stiffness

Currently, the initial rotational stiffness of the joint is defined mainly
through two methods, as shown in Fig. 14. The first is the initial stiffness
defined by the first-order derivative of the moment-rotation curve of the joint at
the origin, as shown in Eq. (44).
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The second one is defined by the secant stiffness (K) of the line between
the data point and the origin corresponding to a certain percentage of the
characteristic load on the moment-rotation curve of the joint. Usually, Ko will
be higher than the actual stiffness of the joint when the load is larger, and the
larger the load, the larger the deviation. Therefore, many scholars mostly use
the secant stiffness (Ks) in the moment-rotation model to define the initial
stiffness in practical applications. In this paper, the initial stiffness is taken with
reference to the method of Han [24] for the stiffness of purely bending members,
and the secant stiffness corresponding to 0.2 M, on the moment-rotation curve
is taken as the initial rotational stiffness of the joint, so « is taken as 0.2.

M

K.

Fig. 14 Definition of initial stiffness

The finite element analysis of joints with various cover plate widths and
thicknesses under monotonic static load is carried out by ABAQUS. Comparing
the results of initial rotational stiffness calculated by the theoretical calculation
model and finite element simulation in Table 3, it is clear that the mean of the

dMm . . . - .
K, =30 (44) ratio between theoretical calculation values and finite element analysis results
=0 is 0.91, and the standard deviation is 0.09. The above results demonstrate that
the initial rotational stiffness calculated by the model agrees well with finite
element analysis ones.
Table 3
Verification results of initial rotational stiffness
Model Cover plate width /mm  Cover plate thickness /mm Theoretical calculation result ki/ kKN m rad* Finite element analysis ko/ kN m +ad™ ki/ ka
BK200 200 10 20743.86 25089.27 0.83
BK260 260 10 18617.68 23388.58 0.80
BK320 320 10 15347.74 15542.21 0.99
BH8 260 8 16150.10 15697.73 1.03
BH12 260 12 21626.79 24527.59 0.88
BH15 260 15 25496.74 27467.17 0.93
Average 0.91
Standard deviation 0.09

5. Calculation of ultimate bending moment

Because the joint's bending capacity is determined by the load-bearing
ability of the failing component, which is typically the component with the
lowest load-bearing capacity. In summary, it is necessary to analyze the possible
failure modes of the external cover plate joint to calculate the flexural bearing
capacity.

The possible failure modes of the joint are simulated by finite elements as
shown in Fig. 15. The CFSST column is not damaged under lateral compression
and shear in the core area. Therefore, the above two failure modes are not
considered when calculating the ultimate bending moment of the joint to
facilitate the practical engineering application, and only the following three

(a) Failure at the plastic hinge of beam section

(b) Failure at the cover plate

possible failure modes are considered:

1) failure at the plastic hinge of beam section;

2) failure at the end of the cover plate connected to the steel tube;

3) failure at the angle steel section.

The ultimate capacity of various components of the joint under each of the
above failure modes is calculated, thereby obtaining the ultimate flexural
resistance of the joint.

It is worth noting that the finite element models used to analyze the failure
modes all use the materials specified in Table 1. Therefore, the formula of
ultimate bending moment obtained by the above method is only applicable to
the joint using the materials in Table 1.

(c) Failure at the angle steel

Fig. 15 Failure models of the joint
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5.1. Failure at the plastic hinge of beam section

Refering to Fig. 16, the plastic hinge of the beam section is assumed to be
located approximately at the end of the cover plate. When the beam section
appears a plastic hinge, the ultimate bending moment of the joint should be
calculated by a similar triangular relationship considering the distance between
the plastic hinge section and the column face.

Fig. 16 Diagram of the bending capacity of the joint

Egs. (45 and 46) can be used to determine the ultimate bending moment if
damage happens to the steel beam's plastic hinge section as a result of the
analysis above.

M

My =2 45)
L, —x

M, =W, £, )

where My, stands for the ultimate bending moment of the joint, My, represents
the ultimate bending moment of the section where the beam plastic hinge is
located. In Eq. (45), L, denotes the distance between the position of the load
applied to the beam and the column wall, x is the distance of the plastic hinge
position from the column wall. In Eq. (46), the plastic section modulus of the
beam adopted W,, to represent, and f, is the yield strength of the steel.

The plastic resistance moment of the beam section is calculated as follows :

a5 P tot) -2y

Won " 2 8

] (47)

where S, denotes the area moment from half of the beam section to the neutral
axis of the plastic hinge, t,, is the thickness of the beam web, and by is the width
of the beam flange.

The plastic ultimate bending moment of the steel beam is calculated
according to the following formula:

tw(hb - th )2

Mpb :an fy:[tfbf (hb _tf)+ 2

1f, (48)

Substituting Eq. (48) into Eq. (45), the ultimate bending moment (M) of the
joint is obtained when the plastic hinge section of the steel beam is damaged.

5.2. Failure at the cover plate

Referring to the calculation method of the bending resistance of the
through-diaphragm joint [31], the bending resistance of the joint mainly
depends on the tensile capacity of the diaphragm, as shown in Fig. 17. The
bending capacity of the joint can be obtained by multiplying the tensile capacity
of the diaphragm by the center distance of the diaphragms. The formula for
calculating the bending capacity is shown as follows:
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—
P=M/h
N\
*, Diaphragm
: L/ L
P=M/h
Fig. 17 Matsui calculation model
M=Ph=P(h, —ty) (49)

where P is the tensile capacity of the diaphragm, h is the center distance of the
diaphragm, h, denotes the height of the beam section, and ty represents the
thickness of the beam flange.

Through the analysis of the horizontal force transmission mechanism in
Section 3, it is known that the cover plate is subjected to the horizontal force
transmitted by the flange of the steel beam. The tensile yielding capacity at the
cross-section of the cover plate can be expressed as follows:

P =foA, = fotl (50)

In Eq. (50), Py¥represents the yield capacity of the cover plate under tensile
force, which can be derived by multiplying the yield strength of the steel applied
for cover plate f,9 by the cross-sectional area of the cover plate Ay. Where Aq can
be obtained by multiplying the effective length of the cover plate |4 by the thick-
ness of the cover plate t;and then by f,°.

The ultimate tensile capacity of the cover plate can be obtained by substi-
tuting its yield strength with the ultimate strength of the steel plate used for the
cover plate, and the ultimate bending capacity of the joint can be obtained by
multiplying the ultimate tensile capacity of the cover plate by the center distance
between the upper and lower cover plates as follows:

M, =PR’h, = f/'t.1.h (51)

99499

where My, is the ultimate bending moment of the joint when the failure occurs
at the cover plate, P,? is the tensile ultimate capacity of the cover plate and f,?
denotes the ultimate strength of steel applied for cover plate.

5.3. Failure at the angle steel

From the analysis in Section 3, it is clear that the horizontal load on the
cover plate is transferred to the angle steels on both sides through the bolts.
Therefore, the angle steels on both sides should be considered for calculating
the flexural bearing capacity of the joint. In addition, since the horizontal
tension on the angle steel is transmitted not only through the horizontal limb,
but also through the vertical limb, approximately the entire section of the angle
steel can be considered in tension when calculating the tensile capacity of the
angle steel.

In case of damage to the angle steel, the formula for determining the
ultimate bending moment of the joint is provided by Eq. (52).

My = 2Puaha = qua [taba +ta(ba _ta)]ha (52)

where M, is the ultimate bending moment of the joint when the angle steel fails,
P2 is the ultimate tensile capacity of the angle steel, h, is the centroid distance
between the upper and lower angle steels, f,? is the ultimate strength of steel for
the angle steel, t, is the thickness of the angle steel, and b, is the width of the
angle steel limb.

Through the above analysis, the ultimate bending moment under each
failure mode can be obtained. Finally, the smallest ultimate bending moment is
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selected as the ultimate flexural capacity of this joint, as follows:
M, =min{M,;M, M, | (53)

5.4. Verification of the calculation results for ultimate bending moment
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To validate the correctness of the above method for determining the
ultimate flexural capacity, adopting the proposed theoretical model and finite
element simulation calculates all specimens in Table 4. From the comparison
results between the above two methods, the average is 1.01, and the standard
deviation is 0.02, illustrating that the ultimate flexural capacity calculated by
the presented formula agrees well with the finite element simulation results,
which can verify the accuracy of the formula for determining the ultimate
bending moment proposed in this paper.

Table 4
Verification results of the ultimate bending moment
Model Cover plate width /mm Cover plate thickness /mm Theoretical calculation result M/ kKN m Finite element analysis M2/ kN m M1/ M2

BK200 200 10 230.3 233.7 0.99
BK260 260 10 241.4 235.8 1.02
BK320 320 10 253.7 245.1 1.04
BH8 260 8 230.1 231.9 0.99
BH12 260 12 241.5 236.3 1.02
BH15 260 15 241.5 236.6 1.02
Average 1.01
Standard deviation 0.02

6. Moment-rotation curve K,6, <0y

1
6.1. Introduction of typical representations M =1 (MJK0)", Oy<6<4.50y (55)
1.5M, 9>4'5'9y

The moment-rotation curve of the joint can reflect the rotation capacity and
moment resistance of the joint. Therefore, exploring the mathematical
expression function of the moment-rotation curve of the joint is helpful for the
internal force analysis and design of the joint. At present, there are two main
mathematical models for the moment-rotation curve of joints proposed by many
scholars. One is the curve model defined by a piecewise function, and the other
is the curve model defined by a single nonlinear function. The existing moment-
rotation curve models take the moment resistance and initial rotational stiffness
of the joints as the basic physical parameters. In addition, shape parameters are
introduced in some curve models. In this paper, three typical curve models are
introduced and compared.

6.1.1. Trilinear model

The trilinear model is regarded as the simplest model considering the
mechanical behavior of the joints, which consists of the elastic, knee and
ultimate components. The mathematical expression of the trilinear model in
reference [13] can be expressed in Eq. (54), where 8, = M, / ki is the yield
rotation of the joint. To illustrate this model more clearly, the moment-rotation
curves of the external cover plate joint calculated by the trilinear model are
shown in Fig. 19. It is observed that the moment-rotation curves derived from
the trilinear model have significant errors in the knee part compared with the
finite element analysis results, which cannot accurately reflect the mechanical
behavior of the joint. In addition, sharp points tend to appear at the breakpoints
of the piecewise function, which may cause numerical problems such as
computational non-convergence in the subsequent structural analysis.

K,6, 6<6,

y
K
M= My+7'(9—9y), 9y<6’§4.50y (54)
15M, 0>4.50,

y

6.1.2. Function model in Eurocode 3

As shown in Eq. (55), similar to the trilinear model, the moment-rotation
model provided in Eurocode 3 is also defined by three parts, which also consists
of the elastic, knee and ultimate parts [32]. However, compared with the
trilinear model, the shape coefficient { is introduced in the knee part of this
model to adjust the curve shape so that the calculation results of this model are
more precise. The moment-rotation curves obtained by using the function
model in Eurocode 3 are also shown in Fig. 19. Based on the results in the figure,
the knee part of this model curve is more accurate than the trilinear model, but
there are still obvious errors. In addition, this model only considers the
continuity but not the smooth conditions at breakpoints, which may still cause
numerical problems such as non-convergence in subsequent structural analysis.

6.1.3. Exponential function model

Zhao [33] proposed an exponential function model containing three main
parameters, which includes shape coefficients ¢ to adjust the curve shape.
Compared with the four-parameter exponential model proposed by Yee [16],
the complex process of introducing strain hardening stiffness to predict the
ultimate state of joints is omitted. The model reduces the workload of
calculating the moment-rotation curve while ensuring prediction accuracy. The
mathematical expression of the exponential function model proposed by Zhao
is shown in Eq. (56). For a clearer presentation of the model, Fig. 19 shows the
moment-rotation curves of the external cover plate joint obtained by using the
three-parameter exponential function model. Due to the fact that the moment-
rotation curves are defined by a single nonlinear function, these curves are
continuous and smooth. Therefore, numerical problems such as non-
convergence can be avoided in subsequent structural analysis. However, this
function model does not distinguish the elastic part of joints. As a result, when
the shape coefficient is adjusted to make the curve model highly consistent with
the elastic part in the finite element analysis results, the knee part in the curve
model and the finite element simulation results show a significant error.

~(K;+c0)0

M=M,[l-e " ] (56)

6.2. Proposed model

The analysis of the typical moment-rotation curve models shows that
although the piecewise function model defines the elastic and ultimate parts
appropriately, the knee part is not accurate enough and prone to mutation at the
piecewise points, resulting in numerical problems such as non-convergence of
calculation. On the other hand, the single nonlinear function model can obtain
a continuous and smooth curve but lacks a clear definition of the elastic part and
the ultimate part, which brings difficulties to analyzing the yield and ultimate
load of joints. Considering the advantages and disadvantages of the existing
typical moment-rotation curve representations, an improved moment-rotation
curve representation is proposed in this paper, and its mathematical function is
expressed in Eq. (57). The ratio of yield bending moment and ultimate bending
moment o is introduced in this model so that 6, = aM, / k; is the yield rotation
of joints. The definition of the elastic part refers to the trilinear model and the
function model in Eurocode 3. The knee part is improved based on the three-
parameter exponential function model so that the knee part is tangential to the
elastic part at the piecewise point. Although the model does not clearly define
the ultimate part of the joint, the curve model is obtained by the ultimate bending
moment M,, and M = M, is the asymptotic line. Therefore, it is feasible to
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analyze the ultimate load of the joint even if the ultimate part is not clearly
defined. In addition, the knee part of the curve model is determined by the
exponential function with shape coefficient c, so the limit state of the joint can
be considered by adjusting the shape coefficient to control the speed of the curve
approaching the asymptotic line. To sum up, the suggested function model has
high accuracy in the knee part while considering all force stages and avoiding
numerical problems such as the non-convergence of calculation at the piecewise
point. The moment-rotation curve model suggested in this paper is shown in Fig.
18.

Ko, 0<0,
M= 7|:K‘+c(97(9y)](570y)
aM, +(@-a)M,|1-e &M (67)
SHA-aM, 60,
M
Knee part
Asymptotic line M =M,
M,
aM,
arctank;
Elastic part —
0, 0, 0

Fig. 18 The presented moment-rotation relationship model

The model recommended in this paper is utilized to calculate the moment-
rotation curves of some beam-column joints with external cover plate in Table
2. In addition, the curves corresponding to the three typical models are presented
in the same figure.The comparison of all curves is shown in Fig. 19. It is clear
from this comparison that the curves calculated by the proposed model are well
consistent with the finite element analysis results, which not only has the
characteristics of high accuracy similar to a single nonlinear model in the knee
part but also considers each force stage of the joint. In addition, the function
model curve is continuous and smooth, which is convenient for subsequent
structural analysis and calculation.

300
250 i
e e S e o e
= .
7,7 7
. -
200 G- =0
& yd 1. 1
7% '
E /,A' T 1
= 150 e e— 0.0115 rad (1.0)
s g 0.0133 rad (1.16)
AR 0.0150 rad (1.30)
y L e 0.0193 rad (1.68)
100 I ' 0.0216rad (1:88)
[ 1 ———FEA
b ! = = Proposed model
Ll i b N
50 T 1 =—=Exponential furiction modet
b 1 -+ EC3
L1 . | Trilinear model
0
0. 00 0.01 0.02 0.03 0.04 0.05
6/rad
(a) BK260
300
250 §! g R
Z f-‘" Py
7 7 Y
/ g P
200 PR
1 /
|

M /kN m

0109 rad-(+:0)

0.0183 rad (1.22)

0.0148 rad (1.36)

———0.0200 rad (1.83)
0.0212 Fad (1.94)

-—FEA

= = Proposed model

== EXporential function motel

= EC3

Trilinear model

0.02 0.03 0.04 0.05
6 /rad
(b) BK320

141

300
250 b -
7
Rd
0, . .
200 oo
£ e
‘
Z // ' 0.0101 rad (L.0)
X HI :
150 £ 0:0109 rack (1:08)
= £ ———t 0.0125 rad (1.24)

F—i———— 00150 rad (1.49)
0.0182 rad (1.80)

—— FEA
= = Proposed model
==~Exponentiaf-functior;model
- EC3

Trilinear model

‘
‘
:

|

100 T
[t
-y

50 !
,

0
0.00 0.01 0.02 0.03 0.04 0.05
6/rad
(c) BH15

Fig. 19 The moment-rotation curves determined by different models
7. Conclusions

In this paper, the force transmission mechanism of beam-column joints with
the external cover plates was analyzed and the main force components of the
joints were determined. The formulas for calculating the initial rotational
stiffness and ultimate bending moment were supplied in accordance with the
component analysis principle. On this basis, the moment-rotation curve model
suitable for the external cover plate joint was proposed. From the study of this
paper, The key findings may be summed up as follows:

(1) The equations for calculating the initial stiffness of this joint were
established through the principle of the component method. The ratios between
the predicted and actual findings from the numerical simulation had average and
standard deviation values of 0.91 and 0.09, respectively, showing that the
component analysis method can successfully predict the initial rotational
stiffness of this joint.

(2) The various failure mechanisms of this joint were taken into
consideration when developing the equations for the ultimate bending moment.
The ratios between the predictions and the results of the numerical simulation
had an average and standard deviation of 1.01 and 0.02, respectively, showing
that the methods presented in this study can exactly determine the final moment
resistance of this unique joint.

(3) The benefits of the previous piecewise and single nonlinear models are
taken into consideration in the proposed model for the moment-roration
relationship of beam-column joints. This model not only has a highly accurate
knee part while considering each loading stage but also has smooth and
continuous conditions at the piecewise points, which can avoid numerical
problems such as non-convergence at the piecewise points in the subsequent
analysis. Additionally, the moment-rotation curves derived by the suggested
representation are in good agreement with the findings of the finite element
analysis, showing that the suggested model is capable of properly projecting the
mechanical behavior of the external cover plate joints.
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