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ABSTRACT

ARTICLE HISTORY

To study the mechanism of load transfer in double-side-plate connections between I-beams and wall-type concrete-filled
steel tubular columns, a pseudo-static experiment and finite element analysis were conducted for two full-scaled
specimens. The results revealed that the primary load was transmitted along an S-shaped path in the side plate, and the
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primary strain occurred in an X-shaped region between the left and right steel beam flanges. The shear force in the steel

beam web was transmitted first to the side plate centre and then to the joint area, where the side plate, steel tube web, and
concrete all resisted the internal force. Based on principal component methods, a calculation formula was established for
initial rotational stiffness that comprehensively considers the influence of the tensions, compression, and shear
deformation of the cover plate, side plate, and web. Comparing this formula with an existing model showed that the
proposed formula is suitable for new types of side plate joints. Moreover, it can accurately calculate the initial rotational

stiffness of the joint, thus providing a reliable basis for future engineering design.
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1. Introduction

High energy consumption, heavy pollution, and low quality have
significantly hindered advancements in the traditional construction industry in
China [1]. To address this issue, prefabricated steel structures that offer
environmental sustainability, industrialisation, and standardisation have been
developed [2]. To meet the general requirements for large-space,
low-consumption, and high-quality housing, in this study we combined
existing technologies and developed a wall-type concrete-filled steel tubular
(WCFT) column building system [1-4].

During the Northridge Earthquake of 1994 in the United States and the
Kobe Earthquake of 1995 in Japan, we learned significant lessons about the
damage that can occur, particularly to steel structures [5]. To ensure adequate
strength, stiffness, and ductility, various connections have been proposed.
Among these, the most promising is the side plate method, which offers
outstanding behaviour and numerous advantages [6]. Such side plates were
first tested by Sabo et al. [7-8]; however, the specimens tested exhibited poor
performance owing to their size and configuration. Improved side plate designs
were subsequently tested by Houghton and Crawford et al. [6-11], who used a
pair of parallel full-depth side plates to connect beams to wide-flange columns.
Their results demonstrated a joint rotation capacity that met the 2010 American
Institute of Steel Construction requirements. Moreover, the ductility and
rotation capacity of the joint were significantly improved by using an
optimised weld connection. Faridmehr et al. [12] tested the cyclic
characteristics of eight full-scale unstiffened extended end-plates with variable
parameters and one side plate moment connection. They found that the
performance of the side plate moment connection was superior to that of the
end-plates.

Jalai et al. [13-15] proved that steel moment-resisting frames (SMRFs)
with side plate connections have good seismic performance, and proposed and
calibrated a connection model to represent the side plate connection behaviour.
Liu et al. [16] established a new double side-plate I-beam on a WCFT column
and investigated its seismic performance. Huang et al. [17] evaluated three
full-scale WCFT column joints under cyclic loads and studied the mechanical
characteristics of the joint panel zone under shear. They found that the side
plate joint exhibits preferable deformation performance and possesses an
energy dissipation capacity.

Research methods on connections typically fall into three categories, all of
which were utilised in this study: experimental research, numerical simulations,
and the component method [18-19]. The component method divides joints into
several basic components. Each component is simulated by a one-dimensional
spring element, and the overall mechanical behaviour of the joint is calculated
by combining the springs in series and in parallel. The quantitative component
combination expressions for many common components are listed in the

British standard BS EN 1993-1-8:2005. Furthermore, Weynand [20], Nethercot
[21-25] and other researchers studied and extended the component method to
varying degrees.

Although the behaviours of side plate connections have been extensively
investigated, most of the research has concentrated on I-beam connections to
wide flanges or box columns. To the best of our knowledge, no analytical or
experimental investigation has been conducted on the transfer mechanism and
initial rotational stiffness for I-beam connections to WCFT columns. This is a
new type of member section, with small cross-sectional thicknesses and
width-to-thickness ratios no greater than 1:4 [3]. Moreover, a new double-side
plate (DSP) connection [26-27] is herein proposed based on the characteristics
of the section formed on connection with the WCFT column (Fig. 1).

(a) Installation view

Upper cover plate

Beam-column gap)

(c) Top view

Fig. 1 Double-side-plate connection overview. (a) Installation illustration, (b) axonometric
projection, and (c) top view of the connection
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In this study, we analysed the load transfer mechanism of these joints
through both experimental research and numerical simulations. Additionally,
the component method was introduced to the side plate joint analysis for the
first time. To accomplish this objective, the basic components of the joint force
transmission were identified and clarified, and the calculation formula for
initial rotational stiffness of the joint was derived using the principles of
component transmission. The research results obtained in this study can be
used to improve the design theory of this type of joint and provide a research
basis for its application to WCFT column structures.

2. Transfer mechanism

In this section, we discuss how the nonlinear finite element analysis
software ABAQUS was used to establish a fine finite element model (FEM) of

307

the proposed joint. Additionally, a reasonable material constitutive model is
used to analyse the transfer mechanism of the joint.

2.1. Model parameters

The beam-column section of the model was obtained from WCFT column
and steel beam sections in real-world engineering situations. The column
cross-section was 200 x 600 mm?, the wall thickness was 8 mm, and the height
was 2800 mm. The beam cross-sectional size was H350 x 175 x 7 x 11, and
the length was 1600 mm. According to the relevant specifications [28], the
steel material properties were tested; the corresponding material properties for
each plate are given in Table 1. The compressive strength of the concrete was
obtained through standard cube tests, and the average compressive strength of
the concrete used to fill the WCFT column was determined to be 32.3 MPa by
standard cube tests.

Table 1
Measured mechanical properties of steel
Component Thickness fsm fsu Es ) fou
P (mm) /MPa /MPa /MPa 1% /fa
Column partition 4.60 318.5 475.2 2.05%10° 40.1 1.49
Column siding 7.68 317.9 481.9 2.08x10° 40.1 1.52
Beam web 6.72 317.2 449.2 2.09x10° 37.1 1.42
Beam flange 10.23 283.2 434.6 2.03x10° 41.6 1.53
Stiffener 5.56 228.1 355.0 27.0 1.56
Side plate 9.67 315.4 454.4 2.06x10° 27.5 1.54
Angle 5.72 250.8 396.0 - 27.7 1.58

Notes: fsmis yield strength, f, is tensile strength, Es is elastic modulus, ¢ is elongation.
2.2. Refined finite element model

2.2.1. Element types and meshing

The steel tube, steel beam, and side plate each utilised 4-node reduced
integral shell element S4R with six degrees of freedom, while the concrete
utilised an 8-node reduced integral solid element C3D8R with three
translational degrees of freedom. Notably, S4R and C3D8R have good
adaptability for most nonlinear analyses [29]. Optimal mesh density was
determined by mesh convergence analysis to reduce calculation time and
ensure sufficient accuracy.

A considerable difference exists between the proposed double side-plate
joint and conventional beam—column joint structures in terms of the multiple
plate overlaps. Simplifying the overlapping of plates with the column and the
beam as a single thicker plate will enlarge the plate contribution. If each of
these plates is represented by two separate plates, the DOFs of the two plates
must be coupled at the boundary position, and the corresponding nodes must
be restrained separately. If they are not properly set, additional constraint
stiffness will be introduced, causing the calculation results to deviate from the
actual stress situation. After many trial calculations and verifications, each
overlapping plate was modelled according to its actual location in space, and a
weld element was set at the boundary between them. Thus, the overlapping
plates only connected with each other through the weld at the boundary
position, while the stresses within were relatively independent and connected.

2.2.2. Contact analysis model

The concrete is divided into two parts by a steel plate partition, each of
which establishes a contact relationship with either the steel tube or partition

(a) Model of DSP1

steel plate. The contact is limited by the slip surface-to-surface contact, and the
normal direction of the contact interface is hard contact. Arbitrary contact
pressure can be transmitted through the master—slave contact, and when the
contact pressure is zero, the two sides are separated. In the contact model, the
tangential behaviour adopts an improved isotropic Coulomb friction model,
and the tangential friction coefficient is 0.6 [3].

2.2.3. Boundary

In the FEM, constraints are placed on the three translational displacements
of the bottom reference point, the rotational displacements along the vertical
axis, and the out-of-plane displacements of the column top reference point.
Thus, the out-of-plane and vertical displacement of the beam end are restrained
(Fig. 2).

2.2.4. Material constitutive model

To accurately simulate the mechanical properties, a mixed hardening
constitutive model [30] is adopted for steel portions and welds under cyclic
loads, which includes both nonlinear follow-up and isotropic strengthening
portions. The concrete in the WCFT columns is restrained by the steel tubes,
which becomes clear with increasing steel yield strength and decreasing
width-to-thickness ratios for the steel plates. The stress—strain relationship of
the confined concrete is based on its damage plasticity model in accordance
with the Binici model [31]. The resulting FEM and weld elements for the DSP
used in this study, denoted as DSPI, are shown in Figs. 2(a) and (b),
respectively.

(b) Weld elements of DSP1
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(c) Model of DSP2

Horizontal displacement

~

The out of plane and vertical
displacement of the beam are restrained

=
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(d) Weld elements of DSP2

l Vertical axis

-

The out of plane and vertical
displacement of the beam are restrained

Hinge

(e) Boundary

Fig. 2 Finite element models for (a-b) DSP1 and (c-d) DSP2, including (a-c) the overall model of each specimen as well as (b-d) weld elements.

2.3. Transfer mechanism analysis

The principal stress distribution for the peak joint forward load is shown in
Fig. 3. The principal tensile stress (Fig. 3(a)), in the horizontal direction of the
upper flange of the left steel beam is transmitted first to the side plate through
the weld, and then to the joint through the side plate. Some of the principal
tensile stress is transmitted to the wall column web through the weld, and some
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is passed directly downward to the lower flange of the right steel beam. The
principal compressive stress (Fig. 3(b)) follows a similar transmission path,
from the lower flange of the left steel beam to the upper flange of the right
steel beam through the side plate and joint regions. The web shears of the steel
beam are transmitted to the middle of the side plate first, and then to the joint
region. The side plate, steel tube web, and concrete all resist the internal force
in the joint region.

SNEG, (fraction = -1.0)
S, Min. In-Plane Princpal
+2.2020402

I Step: StaticDisp, Displad
Xlncrement — 800: Step Time

2
Symbol Var: S, Min. In-Férie Friadpsl
Deformed Var: U Deforfatibd) SéalelFattor: +0.000e+00

(b)

Fig. 3 DSP1 Transmission path. Principal (a) tensile and (b) compressive load transfers

The side plate stress distribution corresponding to the peak load is shown
in Fig. 4. The shear force and moment at the end of the beam-column is
approximately transformed into the coupled forces acting on the geometric
centre of the upper and lower flanges and the shear force acting on the web. In
Fig. 4(a), we observe that the side plate bears the majority of the force
transmitted from the steel beam flange in the horizontal direction, exhibiting
tension and pressure bands. The stress gradually transmits from the flange to
the side plate along the connection weld, and then through this weld to the
WCEFT column, while the side plate stress gradually decreases. As shown in
Fig. 4(b), the side plate also bears the majority of the vertical force transmitted
by the wall column flange through the vertical weld. This stress is the largest at
the corner connecting the side plate with the column flange. Notably, the
compressive stress is greater than the tensile stress under axial pressure. With

an increasing distance from the vertical weld, the vertical stress on the side
plate decreases rapidly.

Figs. 4(c) and (d) present the principal stress distribution of the side plate,
indicating that the principal tensile stress is primarily transmitted in an oblique
manner from the upper flange of the left steel beam to the lower flange of the
right steel beam through the joint region. The principal compressive stress is
primarily transmitted obliquely from the lower flange of the left steel beam to
the upper flange of the right steel beam through the joint region. Additionally,
the steel beam web shear force is transmitted to the side plate through the
connecting angle steel, creating a diagonal principal stress zone in the
connection between the steel beam and side plate that is roughly perpendicular
to the principal stress direction of the joint region. Therefore, the overall
principal load transfer path in the side plate is approximately S-shaped. The
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shear stress distribution and the von Mises equivalent stress in the side plate
are shown in Figs. 4(e) and (f), respectively. The shear stress is largest in the
joint; however, it is still smaller than the shear yield of the steel. Fig. 4(f)
demonstrates that the side plate in the column range is effectively elastic. The
side plate at the beam-column gap transfers all forces to the beam end,
resulting in maximal stress. The side plate in the corresponding position on the
steel beam flange exceeds the yield stress and thus enters a yield state. Further,
the side plate in the corresponding position on the steel beam web transmits the
shear force and has a low stress level, thus forming the ‘elastic core’. Fig. 4(g)
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shows the principal strain distribution of the side plate. Notably, the principal
tensile and compressive strains are consistent with the stress distribution,
forming an X-shaped distribution between the left and right steel beam flanges.
Fig. 4(h) shows the cumulative plastic strain distribution on the side plate
produced at the beam—column gap. Owing to the stress concentration, the
cumulative plastic strain of the weld joint corner between the side plate and
column is large. Thus, special attention should be given to this condition so
that damage to the corner weld can be avoided in this design.
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Fig. 4 Stress distribution on the side plate in DSP1. (a) Horizontal stress, (b) vertical stress, (c) principal tensile stress, (d) principal compressive stress, (e) shear stress, (f) von Mises
stress equivalent, (g) principal strain, (h) cumulative plastic strain
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Fig. 5 Stress distribution of steel tube in DSP1. (a—f) Steel tube web (a) horizontal stress, (b) vertical stress, (c) principal tensile stress, (d) principal compressive stress, (¢) shear stress, (f)

von Mises stress; (g-h) von Mises stress of the steel tube (g) flange and (h) diaphragm

Fig. 5 shows the steel tube stress distribution corresponding to the peak
load. As shown in Fig. 5(a), the horizontal stress is concentrated at the position
corresponding to the compression flange of the steel beam. Here, the steel tube
web primarily bears the compressive stress transmitted from the side plate
through the weld, causing deformation relative to the internal concrete.
Because the corner of the steel tube is restrained by the concrete, this
deformation trend is prevented, and high tensile stress is generated. The
adjacent position exhibits compressive stress with a large stress gradient.
Contrarily, the horizontal stress at the position corresponding to the steel beam
tension flange is relatively uniform. The steel tube is separated from the
concrete under the tensile stress, thus this stress is uniformly transmitted to the
steel tube web.

Fig. 5(b) reveals that the vertical stress in the steel tube is transmitted to
the side plate through the weld. Consequently, the stress level in the joint
region is significantly lower than in the adjacent position. The principal tensile
and compressive stress distribution diagrams of the steel tube web are shown
in Figs. 5(c) and (d), respectively. Near the joint, the steel tube web exhibits
oblique principal tensile stress and principal compressive stress bands under
the column and beam action. Because there is still axial pressure in the column,
the principal compressive stress is greater than the principal tensile stress. At
the position corresponding to the steel beam compression flange, the steel tube
is restrained by concrete, and the stress is relatively concentrated. The steel
tube diaphragm position is also affected by this condition, and the local stress
is high. Fig. 5(e) provides the shear stress of the steel tube web, and Figs. 5
(f)—(h) show the von Mises equivalent stresses of the steel tube web, flange,

and diaphragm, respectively. The shear stress is primarily observed near the
joint and is in an elastic state. A large stress is exhibited in the corner of the
welding position between the steel tube web and side plate, and the adjacent
steel enters a yield state. The equivalent stress of the steel tube flange and
diaphragm are effectively elastic.

Fig. 6 shows the stress distribution of concrete in the joint region. There is
slippage on the contact interface of the steel tube and concrete, and the stress
of the concrete in the two chambers is relatively independent and neither can
achieve the combined stress performance. From Figs. 6(a) and (b), it is clear
that the concrete bears the majority of the horizontal compressive stress from
the steel beam flange and the bending vertical stress of the column. Figs. 6(c)
and (d) show the principal tensile and compressive stress of the concrete core,
respectively. The tensile stress near the joint reaches the tensile cracking stress,
and the local compressive stress at the position corresponding to the steel beam
compression flange reaches the concrete compressive strength, but the range is
small. Notably, the principal stress for concrete near the joint is smaller than
that in the adjacent position. The damage to concrete near the joint is shown in
Figs. 6(e) and (f), and the concrete exhibits cracking and compression damage
in a small area of stress concentration. Figs. 6(g) and (h) show the contact
friction and pressure distribution, respectively, for the concrete surface near the
joint. Clearly, the steel tube at the position corresponding to the steel beam
compression flange transmits a large pressure to the concrete. Furthermore, the
diaphragm of the steel tube forms an effective restriction for the concrete, and
the contact pressure is large.
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Fig. 6 Stress distribution of concrete in DSP1. (a) Horizontal stress, (b) vertical stress, (c) principal tensile stress, (d) principal compressive stress, (e) tensile damage, (f) compressive

damage, (g) surface friction, and (h) surface pressure

3. Initial rotational stiffness analysis

Rotational stiffness is a key parameter in describing moment-rotation
curves. Generally, joint rotation can be divided into rotations caused by
bending and shear deformations [32]. The primary tension components of the
joint include the tension in the steel beam flange and cover plate near the side
plate, the tension in the side plate, and the tension in the column web. The
primary compression components include compression of the steel beam
flange and cover plate near the side plate, compression of the side plate itself,
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and compression in the column web. The main shear components include side
plate shear, column web shear, and concrete shear.

In this study, a simplified connection model (Fig. 7) was developed. The
joint rotation caused by bending deformation is simplified as the spring model
shown in Fig. 7, and the joint bending is converted into a coupled pair of
tension and pressure. According to the principles of the component method
[25], individual tension and pressure components can be simplified as a single
spring element along the centroid direction.

Fig. 7 Simplified spring model. (a) Tension and compression spring elements, and (b) equivalent spring elements. ki, ki, and ke are the tensile stiffnesses of the side plate, steel

beam/cover plate, and side plate/column web, respectively; Keci, kevi, and kezi are the compression stiffnesses of the side plate, steel beam/cover plate, and side plate/column web,

respectively; kieq and keeq are the equivalent tension and compression stiffnesses, respectively of the spring element; Z; is the distance between the centroid of each spring element and the

beam centre, and Zq is the equivalent distance between the centroid of each spring element and the beam centre
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Corresponding to Fig. 7(b), the following equations are established
according to the respective resultant force equivalence and bending distance
equivalence:

6 3
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The characteristics of new joints produce a very large in-plane stiffness for
concrete, compared with the other components, hence the rotation caused by
moment deformation in concrete is ignored. Under a pure bending moment, the
areas of the joint under tension and compression are symmetrical, and they
constitute the tensile and compressive rigidity of the plate. The tensile and
compression calculation models and stiffnesses are identical; thus, Z., = Ze,
kieq = kceq. The mechanical model of the tension plate is shown in Fig. 8.

X - X
—— — ————

X ldx

(b) Tension of rectangular plate

(a) Tension of triangular plate
Fig. 8 Mechanical model of plate. Illustrations of the tension of (a) triangular and (b)

rectangular plates.
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According to material mechanics principles, the calculation formula for
the tensile stiffness of a plate is Eq. (9). The tension stiffness of the triangular
plate (Fig. 8(a)) is calculated according to Eqgs. (10 to 14),

F
k=— 9
i ©)
dA=xt (10
dF = dAxq = xtq 1n
A= IEXdX_ g 4 (12)
EdA E
T H
AL=[dgx= 2 (13)
'EE
F
=—=Ft 14
kt,lrl AL ( )

Similarly, the tensile stiffness of the rectangular plate (Fig. 8(b)) is calculated
as:

Kiree =—— 15)

Based on Fig. 7 and Egs. (14 and 15), the spring element parameters can be
defined as follows:
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where H, is steel beam height, # is the beam flange thickness, #,is the cover
plate thickness B, is the cover plate width, and By is the beam flange width. Z.,
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and k., can be obtained by substituting these spring parameters into Eqs. (5 to
3).

Referring to [27], the shear stiffness can be calculated as:

EA.

kv:2(1+v)ﬂZv (16)

where A,. is the shear area, Z, is the shear section height, and g is the
coefficient related to the connected shear variable. For a side column, one side
is sheared, and f = 1. For a middle column, if the bending moment at the beam
end is equal and the direction is opposite, B = 0, but if the direction is equal,
=2.

The shear components of the side plate joints include side plate shear,
column side plate/web shear, and concrete shear. The characteristics of new
joints produce very large in-plane shear stiffness for concrete compared with
the other components. Hence, the rotation caused by shear deformation in
concrete is ignored. The parameters of each shear component are as follows:

K = E(LC_LCQ)ZtC
v,sideplate — m

2E(B,t, +Bt,)

V’WEb:2(1+v)ﬂ(Hb—2tf)

(b)
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Under external force, the joint rotation caused by bending moment
deformation and shear deformation are calculated by Eq. (17) and Eq. (18),
respectively:

1 . 1
2 2
Keo(Zeg + Zesg)  Keeq (Zeoq + Zesq)

teq ceq

6, =M

a7

1 1
+

M 2 2
kv,sideplate ( Hb - 2tf ) kv,web (Hb - th )

8 (18)

Then, the overall initial rotational stiffness for the proposed new joint is:

M 1
9 1 1 1 1

kteq(zteq+zceq)z I kceq(zceq“‘zceq)z I kvlsp(Hb—ztf)z 'kv,web(Hb_z':f)z

(19)
4. Experiments and FEM Verification

To verify the validity of the proposed analysis, we conducted pseudo-static
experiments for two full-scale DSP specimens (denoted DSP1 and DSP2),
which were based on beam and column models from real-world engineering
applications. We performed a multi-parameter extended analysis of this FEM;
the parameters of the test and FEM are shown in Table 2 and Fig. 9,
respectively. The material properties of each component are provided in
Section 1.1, and the axial compression load was 1713.33 kN.
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Fig. 9 Specimen details. All dimensions are given in mm. Overall and partial details are provided for (a) DSP1 and (b) DSP2
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Table 2

Parametric definition of the model

. i . Beam Beam Column
Side plate Side plate Side plate beam-column Beam Cover plate Cover plate Column
. . . . flange . flange . . web
Model height thickness extension gap length height . thickness . width width .
thickness width thickness
H./mm to/mm length L/mm Leg/mm Hp/mm tg/mm By/mm B/mm
t/mm B/mm t/mm
DPS1 490 10 310 40 350 10 10 150 200 600 8
DPS2 400 10 310 40 350 10 10 150 200 600 8
DPS1-1 520 10 310 40 350 10 10 150 200 600 8
DPS1-2 460 10 310 40 350 10 10 150 200 600 8
DPS1-3 430 10 310 40 350 10 10 150 200 600 8
DPS2-1 490 6 310 40 350 10 10 150 200 600 8
DPS2-2 490 8 310 40 350 10 10 150 200 600 8
DPS2-3 490 10 310 40 350 10 10 150 200 600 8
DPS2-4 490 12 310 40 350 10 10 150 200 600 8
DPS2-5 490 14 310 40 350 10 10 150 200 600 8
DPS2-6 490 16 310 40 350 10 10 150 200 600 8
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4.1. Testing system and method
According to the provisions of JGJ/T101-2015 [33], a pseudo-static

experiment can use a column-end loading test device (Fig. 10) to consider the
P-A effect. A force-displacement dual-control loading system is used to

SEMIiﬁiﬁiﬁﬂK‘ﬁﬁnﬁ‘lﬁbﬁﬂ’ﬁ
A

mA WEY 0
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transition specimens from the elastic stage to failure. The loading process
begins with axial pressure applied, in stages, to the top of the specimen while
the shaft pressure is maintained as constant by a voltage stabilisation system. A
reciprocating horizontal load is then applied in stages to the specimen top. The
distance between the loading point and column bottom is 3000 mm.

1: Reaction wall; 2: reaction frame: 3: reaction beam; 4: base: 5: hinge: 6: rigid rod; 7: specimens:
8: loading beam; 9: servo actuator; 10: jack; and 11: sliding roller

Fig. 10 Test device

The force applied to the specimen was controlled before yielding. The
horizontal loading level was 20% of the predicted yield load, and each load
was repeated once. When the specimen deformation speed increased
significantly or when the strain, collected by a displacement meter and strain
gauges at multiple points on the beam end or side plate, reached the material
yield strain, the specimen was determined to have yielded. The corresponding
displacement was identified as the joint yield displacement. After yielding, the
specimens were subjected to displacement control and were loaded at 0.5 times
the yield displacement. Each displacement was repeated three times. When the

horizontal load decreased to 85% of the peak load, or the axial bearing
capacity could not be maintained, the loading was considered complete.

During these tests, we measured the axial force and horizontal load
exerted on the top of the column, the displacement and angle of the specimen,
and the strain of the beam end and side plate. The local buckling development
of the steel tube wall plate, longitudinal weld cracking of the steel tube itself,
and concrete crushing were also observed and recorded. The measurement
setup is summarised in Fig. 11.
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D1: magnetostrictive displacement meter; D2-D5: horizontal displacement meters;
D6: cross-displacement meter; R1-R3: inclinometers; and 1-30: strain gauges

Fig. 11 Measurement types and locations

The horizontal load applied to the specimen and the displacement of the
column top were collected by the servo actuator (Fig. 11). The main control
measuring point was D1, which was 2700 mm above the bottom section of the
column. The cross-displacement meter, D6, measured the shear deformation of
the specimen joints. Inclinometers R1 and R2 were placed 525 mm from the
column wall and were used to measure the section angle of the plastic hinge
area of the test piece beam. Inclinometer R3 was placed 480 mm from the
centre of the hinge and was used to measure the section angle of the bottom
section of the test column. Strain gauges, numbered 1-30, were used to

measure the strain development of the beam end and side plates and evaluate
the plastic development of each component.

4.2. Comparison of load transfer mechanism

Calculating yield strain with the information in Table 1 yielded values of
1395, 1517, and 1531 pum in the beam flange, beam web, and side plate,
respectively. These results were compared to the strain results collected by
gauges placed at various locations during the test (Fig. 11), and with the peak
load results observed in Fig. 12.
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(c) Measured strains at peak loads (DSP2)
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(d) Analysed strains at peak loads (DSP2)

Fig. 12 Transfer mechanism comparison

Several conclusions can be drawn from these results. First, at peak load,
the beam end strain of DSP1 was 20 times higher than the yield strain. The
web strain also exceeded the yield strain, and the entire section thus entered the
yield state, forming a plastic hinge. Furthermore, the strains on the lower and
upper sides at the beam-column gap also entered the yield state, although most
areas of the side plate remained in the elastic stage. Therefore, the side plate
could add strength to the joint region.

Second, most of the side plate strain for DSP2 exceeded the yield strain,
while the beam flange strain was small. Additionally, the tensile strain was

measured on the bottom side plate at the beam-column gap, rather than the
expected compressive strain. This is because of the side plate buckling at the
beam-column gap, which caused tensile strain to develop.

Third, in comparing the strain of the side plates on the two test pieces,
DSP1 and DSP2, it is clear that decreasing the side plate height caused more
areas on the DSP2 side plates to approach and reach the yield strain. Thus,
plastic formed on the side plates at the beam-column gap. In comparing Figs.
12(a) and (b) and Figs. 12(c) and d), it is evident that the principal tensile and
compressive strains on the side plate are consistent with the stress distribution,
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forming an X-shaped distribution between the left and right steel beam flanges.
This indicates that these experiments supported the force transmission
mechanism proposed in this study.

4.3. Initial stiffness comparison
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According to European Code EC3 [34], the secant stiffness is taken as the
initial rotational stiffness of a joint when the bending moment is 2/3xM;,,. We
thus calculated the initial stiffness of each model according to (19) and
compared it with the experimental and FEM results, as shown in Table 3.

Table 3
Verification results
Model Sexp Sint Sint/Sexp
DPS1 5.56x10'° 6.11x10" 1.09
DPS2 5.18x10'° 6.09 x10'° 1.17
DPSI-1 5.64 x10'"° 6.12x10" 1.08
DPS1-2 5.47x10'"° 6.11 x10'° 1.11
DPS1-3 529 x10'"° 6.10 x10"° 1.15
DPS2-1 5.24x10'"° 4.73 x10" 0.90
DPS2-2 5.40 x10'° 5.51x10"° 1.02
DPS2-3 5.66 x10'° 6.59 x10'° 1.16
DPS2-4 5.74 x10'° 6.70 x10'° 1.16
DPS2-5 5.80x10'"° 6.83x10'"° 1.17
DPS2-6 5.86 x10'° 6.91 x10'° 1.17
Average 1.10
Standard deviation 0.08

Sex s the test and finite element analysis results, Six is the theoretical calculation results.

This analysis demonstrates that, because the theoretical formula used in
this article does not consider factors such as initial defects and weld defects, it
yields values greater than the experimental and numerical simulation results,
although the results are relatively similar. The theoretical calculated value and
ratio of the experimental and simulated values (Sin / Scxp) has an impressive
average of 1.1 and a low standard deviation of 0.08.

5. Conclusion

In this study, the force transmission mechanism of a joint was analysed
through both experimental research and numerical simulation. The component
method was also introduced into the analysis of side plate joints, for the first
time. The basic components of the joint force transmission were clarified, and
a formula for calculating the initial rotational stiffness of the joint derived
using the principle of component transmission. The following conclusions
were drawn:

(1) The transmission path of the new side plate joint is as follows. The
bending moment of the steel beam is simplified as the force couple acting
along the flange to the side plate. After the side plate horizontal stress is
transmitted to the joint, part of it is transmitted to the wall column web through
the weld and part of it is directly transmitted to the lower flange of the right
steel beam. The principal stress is transmitted along an S-shaped path through
the side plate, and the principal strain exhibits an X-shaped distribution
between the left and right steel beam flanges. The shear force in the steel beam
web is transmitted to the middle of the side plate first, and then to the joint
region. The side plate, steel tube web, and concrete resist the internal force in
the joint region.

(2) The side plate at the beam—column gap transfers all forces at the beam
end, exhibiting maximal stress and large accumulated plastic strain values.
Special care should thus be taken to avoid damage in this region of the design.

(3) The formula for calculating initial rotational stiffness, established
through the principle of component transmission method, is applicable to the
new proposed joint. Comparing calculation results and experimental and
numerical simulation results demonstrates that the formula can accurately
calculate the initial rotational stiffness of the joint, thus providing a basis for
engineering design and subsequent research.

The research results obtained in this study can be used to improve the
design theory of the proposed joint and provide a research basis for its
application to WCFT column structures.
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