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Abstract

Sixteen beam–column joints with different column types and connection configurations
were designed and tested to identify suitable joints for low-rise prefabricated square steel
tube (SST) columns and H-beams. The columns included hollow square steel tube (HSST)
and concrete-filled square steel tube (CFSST) types, while the joints consisted of welded,
end plate, flange-connected, and angle connector plate configurations. Cyclic loading
tests were conducted to examine failure modes, hysteresis and skeleton curves, stiffness
degradation, and cumulative energy dissipation. The results showed that joints with angle
connector plates outperformed welded, end-plate, and flange-connected joints. The height
of the triangular stiffener was found to be a critical factor, with a 144 mm stiffener increasing
the ultimate bending moment by 78.65% for CFSST and 79.3% for HSST columns, along
with notable improvements in stiffness and energy dissipation. Based on Eurocode 3, angle
connector plate joints with high stiffeners were classified as semi-rigid and full-strength. A
combined assessment of mechanical behavior and economic efficiency indicated that this
joint type provides the highest cost-effectiveness and significant application potential.

Keywords: beam–column connection; concrete-filled square steel tube; cyclic loading;
angle connector plate

1. Introduction
H-section steel and square steel tube (SST) columns are commonly employed in pre-

fabricated buildings. Unlike H-section columns, SST columns provide identical moments
of inertia and load-bearing capacity along both principal axes, while their flat surfaces
allow easier connections [1]. For this reason, SST columns are more frequently adopted in
practice. They are classified as hollow square steel tube (HSST) or concrete-filled square
steel tube (CFSST) columns. Although CFSST columns are costlier than HSST columns,
they offer enhanced seismic performance [2] and fire resistance [3].

One of the key factors in earthquake-resistant structures is beam–column connections
with appropriate detailing [4,5]. Previous research has examined different connection
types between SST columns and H-beams, including (1) inner diaphragm joints [6–9],
(2) outer ring plate joints [10–12], (3) diaphragm-through joints [13,14], and (4) end-plate
joints [15–22]. With the increasing adoption of prefabricated buildings, the modifications of
these conventional methods have been proposed. Liu et al. [23] introduced a connection
between HSST columns with spliced ring plates and H-beams with end plates, while
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Zhan et al. [24] investigated its behavior through experiments and finite element analysis,
subsequently establishing a capacity calculation method. Cho et al. [25] developed a
cruciform through-diaphragm joint for CFST columns and H-beams, confirming favorable
seismic performance under cyclic loading, with beam flange fracture identified as the
dominant failure mode. Lee et al. [26] proposed T-shaped vertical diaphragm joints for
CFST columns and H-beams, with their failure mode and hysteretic behavior evaluated
experimentally. Ahmadi et al. [27] investigated beam–column joints with vertical through-
diaphragms, analyzing the influence of geometric parameters on joint performance. Paul
et al. [28] examined bidirectional bolted joints between drilled-cut reduced H-beams and
CFST columns. Cao et al. [29] designed a joint incorporating a T-stub between the lower
through-diaphragm and upper outer ring plate, reporting excellent ductility and energy
dissipation capacity.

The previous studies have shown that the above beam–column joints exhibit favorable
seismic performance; however, most were developed for large-section SST columns [29].
These configurations are also relatively complex and costly. By contrast, current rural
prefabricated housing projects in China typically employ small-section SST columns with
side lengths below 300 mm. For such columns, the existing joint types are unsuitable
for several reasons. First, installing diaphragms inside narrow tubes is difficult [30], and
diaphragms can impair concrete pouring quality [31]. Second, inner diaphragm and outer
ring plate joints require extensive welding, which limits their applicability in prefabricated
construction [32]. Furthermore, since the inner diaphragm aligns with the beam flange,
the column wall at the joint region must be welded on both sides at the same level [33],
which can reduce ductility in the welded region [34]. Third, while bolt hole weakening
in large-section SST columns is negligible, it significantly alters the load transfer path in
small-section columns [26], potentially causing premature yielding of the steel plate. In
addition, through-column bolts complicate the installation of end-plate joints [35].

This study develops a simplified connection for low-rise, cost-sensitive structures,
diverging from conventional diaphragm-through, end-plate, and outer-ring joints de-
signed for high-load applications. By eliminating internal and external reinforcing elements
and directly welding angle connector plates to the column face, the proposed design
prioritizes constructability and economy. This solution provides a superior balance of
adequate seismic performance and low cost for its target applications. The connector plates
are factory-welded to the SST columns, where controlled heat treatment ensures high weld
quality and dimensional accuracy. During on-site assembly, steel beams are efficiently
bolted to the pre-installed angle connector plates.

A practical beam–column joint must ensure both mechanical reliability and cost-
effectiveness. Accordingly, this study evaluated the proposed joint’s mechanical perfor-
mance along with two critical factors. The first was the steel quantity for connection (SQC),
defined as the steel used in the joint, excluding the beam and column, which directly
determines connection cost. The second was the presence of concrete infill in the SST col-
umn. Concrete-filling is generally considered to improve joint stiffness [7] while reducing
ductility [27,36], although its influence has not been fully clarified.

In summary, cyclic loading tests were conducted on 16 scaled specimens with different
beam–column joint configurations. Failure modes, hysteretic response, load capacity,
stiffness degradation, and energy dissipation were examined, and the effects of joint type
and configuration parameters were analyzed. A comprehensive evaluation integrating
mechanical performance and cost was then carried out, guiding the design and application
of similar structural systems.
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2. Experiment Design
2.1. Specimens

In this study, 16 scaled beam–column joints with different parameters were fabricated
and classified into two groups based on column type. The first group included eight HSST
column–H-beam joints: a welded joint (J1-H), an end-plate joint (J2-H), a web-connected
joint (J3-H), a flange-connected joint (J4-H), a web-flange-connected joint (J5-H), and three
joints with angle connector plates (J6-H, J7-H, and J8-H) (Figure 1). Connecting plates
P1, P3, P4, P6, P7, and P8 were 6 mm thick, while P2 and P5 were 4 mm. The second
group comprised eight CFSST column–H-beam joints of identical types and dimensions,
designated J1-F to J8-F. All HSST and CFSST columns had a side length of 100 mm and a
wall thickness of 4 mm, with the steel ratio of CFSST columns being 0.154 [37]. The steel
beams measured 150 × 100 × 4 × 4 mm.

Table 1 presents the assembly method and SQC of each specimen, while the dimensions
of the connecting plates are provided in Figure 1.

(a) (b) 

(c) (d) 

(e) (f) 

Figure 1. Cont.
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(g) (h) 

Figure 1. Tested specimens: (a) J1-H, (b) J2-H, (c) J3-H, (d) J4-H, (e) J5-H, (f) J6-H, (g) J7-H, (h) J8-H.

Table 1. Specimen assembly and SQC values.

Specimen Fabrication Process On-Site Process SQC (kg)

J1-H & J1-F None Beam flanges and webs are welded to the
column 0

J2-H & J2-F The beam flange and web are
welded to the end plate P1

End plate P1 and the column are
connected with bolts 2.62

J3-H & J3-F Connecting plate P2 is welded to
the column

The beam, web, and the connecting plate
P2 are connected with bolts 0.97

J4-H & J4-F Connecting plate P3 is welded to
the column

The upper and lower flanges of the beam
are connected to the connecting plate P3

with bolts
2.19

J5-H & J5-F Connecting plates P4 and P5 are
welded to the columns

The upper and lower flanges of the beam
are connected to the connecting plate P4

with bolts.
The beam, web, and the connecting plate

P5 are connected with bolts

3.16

J6-H & J6-F Angle connector plate P6 is
welded to the column

The upper and lower flanges of the beam
are connected to the angle connector plate

P6 with bolts
2.80

J7-H & J7-F Angle connector plate P7 is
welded to the column

The upper and lower flanges of the beam
are connected to the angle connector plate

P7 with bolts
2.99

J8-H & J8-F Angle connector plate P8 is
welded to the column

The upper and lower flanges of the beam
are connected to the angle connector plate

P8 with bolts
3.77

2.2. Material Properties

The steel tubes and connecting plates were fabricated from Q235B steel, with mate-
rial properties determined in accordance with the Chinese national standard GB/T228.1-
2021 [38] (Table 2). The CFSST columns were filled with recycled concrete containing
100% coarse aggregate replacement, with an average compressive strength of 43.4 MPa.
Beam–column connections were assembled using 8.8-grade M12 bolts. To ensure ease of
installation, all bolt holes were made 2 mm larger than the nominal bolt diameter. Dur-
ing testing, bolts were tightened with a torque wrench in accordance with the torque
requirements and procedures specified in the Technical Specification for High Strength Bolt
Connections of Steel Structures (JGJ82-2011) [39].
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Table 2. Mechanical properties of steel.

Material t (mm) fy (Mpa) fu (Mpa) δ (%) E (Gpa)

Beam webs, beam flanges, column webs 4 373 444.3 21.5 214
column flange 6 346 429.1 19.2 202

End plates, L-shaped connecting plates, stiffening ribs 6 355 423.8 19.7 202
Note: t denotes steel thickness, fy represents yield strength, fu indicates ultimate strength, δ signifies elongation,
and E refers to the elastic modulus of steel.

2.3. Loading Schemes

A customized loading device was designed for the test (Figure 2a), consisting of a
trapezoidal steel frame. The device was bolted to the base of an electrohydraulic servo-
testing machine. Before loading, the upper and lower column ends were inserted into the
device (Figure 2b), after which a square cover was placed over the square hole and fixed
with bolts. The column end was further secured with bolts to restrict displacement. Finally,
the loading beam of the device was mechanically connected to the specimen beam end to
apply cyclic loading (Figure 2c).

(a) (b) (c) 

Figure 2. Test setup. (a) Device, (b) specimen installation, (c) device installation.

The loading procedure is illustrated in Figure 3. Before yielding, specimens were
subjected to a graded load-controlled protocol. After reaching the yield moment (My), a
graded rotation-controlled protocol based on the beam–column rotation (θ) was adopted.
The yield rotation (θy) served as the reference deformation, with its integer multiples
defining the loading increments. To avoid fatigue damage, each loading level was applied
for only one cycle. The test was terminated when the applied load dropped to 85% of the
peak load or excessive deformation occurred.

 
Figure 3. Loading protocol.
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2.4. Data Collection

Figure 4 shows the arrangement of displacement transducers and dial gauges. Trans-
ducer #1 measured the vertical displacement at the beam end under loading, while trans-
ducers #2 and #3 captured the relative rotation between the beam and column. Dial gauges
#1 and #2 were positioned on the column face opposite the beam, aligned with the beam’s
upper and lower flanges, respectively, to record the overall rotation joint. A force sensor
was installed above the beam end to monitor the applied vertical load P.

 

DG1

DT3

DT2

DT1

45°

DG2

Column

Beam

P

2695050

66
66

100 523 77

3780

23
5

62
0

15
0

23
5

Figure 4. Displacement sensors (DT: displacement transducer; DG: dial gauge).

The horizontal distance L between the loading point and the column edge was 523 mm.
Under a vertical concentrated load P applied at the beam end, the bending moment M
at the beam–column joint was calculated as M = P × 523 mm. The vertical displacement
∆ at the beam end, recorded by displacement transducer #1, represented the combined
deformations of the specimen components at the beam end. These deformations consisted
of three components (Figure 5):

1 2 3

Figure 5. Beam-end displacement decomposition.

(1) Vertical displacement of the beam end, ∆1, caused by beam–column rotation
(Equation (1)), where D1 and D2 were measured by dial gauges #1 and #2.

(2) Vertical displacement ∆2 (Equation (2)) at the beam end due to beam bending under
the applied load P, where E denotes the elastic modulus of the steel beam and Ib represents
its moment of inertia about the horizontal centroidal axis.
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(3) Vertical displacement ∆3 at the beam end induced by the relative rotation between
the beam and column under load P (Equation (3)):

∆1 =
|D1 − D2|

150
∗ L (1)

∆2 =
PL3

3EIb
(2)

∆3 = ∆ − ∆1 − ∆2 (3)

The relative rotation between the beam and column under the applied vertical load P
was determined using Equation (4):

θ =
∆3

L
(4)

3. Results and Analysis
3.1. Failure Modes

The failure modes of all specimens are shown in Figure 6, revealing notable differ-
ences in failure characteristics. Specimens with CFSST and HSST columns of identical
configurations exhibited comparable failure behavior.

(1) J1-H and J1-F: With increasing load, cracks formed in the welds between the beam
flange and column. These cracks gradually propagated, leading to the sudden failure of
both specimens.

(2) J2-H and J2-F: The end plates P1 at the beam ends deformed under load, undergoing
significant plastic bending before fracturing, which caused specimen failure.

(3) J3-H and J3-F: Loading-induced stress concentration on the outer side of the
connecting plate P2, initiating cracks that propagated from the top and bottom toward the
center. This progression resulted in deformation and rapid failure of the specimens.

(4) J4-H and J4-F: Failure occurred mainly in the weld zone between connecting plate
P3 and the column. J4-H exhibited a weld fracture, while J4-F showed both a weld fracture
and bolt-hole fractures.

(5) J5-H and J5-F: Failure in both specimens was located in the weld zone between
connecting plate P4 and the column. In J5-F, cracks occurred in the column steel plate near
the joint, whereas in J5-H, cracks appeared in the weld between the plate and the column.
J5-F also exhibited brittle failure.

(6) J6-H and J6-F: In J6-F, a complete fracture occurred in the weld between the plate
and column, while in J6-H, the weld was torn. The failure of J6-F also displayed brittle
characteristics.

(7) J7-H and J7-F: Failure was concentrated in the weld zone between connecting
plate P7 and the column, although with smaller crack sizes compared to J6-H and J6-F.
Additional cracking occurred at the weld ends connecting the triangular stiffeners to the
angle connector plates.

(8) J8-H and J8-F: Cracks of varying severity developed in the welds between con-
necting plate P8 and the column; however, these were not the primary cause of strength
reduction. Both specimens exhibited beam bending outside the region of the connecting
plate (Figure 6h). In J8-H, a severe fracture occurred at the bolt hole connecting the beam’s
lower flange to plate P8. This indicated that the joint’s bending capacity exceeded that of
the beam, consistent with the design principle of “strong joint, weak member” (Figure 6i).
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(a)  (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 6. Failure modes of specimens: (a) J1-F & J1-H; (b) J2-F & J2-H; (c) J3-F & J3-H; (d) J4-F & J4-H;
(e) J5-F & J5-H; (f) J6-F & J6-H; (g) J7-F & J7-H; (h) J8-F & J8-H; (i) J8-F.

3.2. Hysteresis Curve

The bending moment (M)–rotation (θ) hysteresis curves of all specimens are presented
in Figure 7. The results show that:
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(a) (b) (c) 

   
(d) (e) (f) 

  

 

(g) (h)  

Figure 7. Moment-rotation hysteresis curves: (a) J1-F & J1-H; (b) J2-F & J2-H; (c) J3-F & J3-H; (d) J4-F
& J4-H; (e) J5-F & J5-H; (f) J6-F & J6-H; (g) J7-F & J7-H; (h) J8-F & J8-H.

(1) During loading, all specimens progressed through the elastic, elastoplastic, and
failure stages. In the elastic stage, the hysteresis loops were nearly spindle-shaped, with
negligible difference between the loading and unloading paths. In the elastoplastic stage,
certain regions of the steel within the joint area yielded, as a result, distinct moment-rotation
data were recorded during loading and unloading cycles, leading to hysteretic loops that
exhibited distinct pinching. Furthermore, owing to differences in the geometry and failure
modes of the specimens, their hysteretic loops demonstrated considerable variations in the
failure stage.

(2) J1-F and J1-H: Both specimens exhibited plump hysteresis curves but relatively
low bearing capacities compared with the others. Their peak bending moments were
similar; however, J1-F experienced a rapid capacity drop after reaching its peak, while J1-H
maintained its peak capacity for several cycles before failure. This difference was attributed



Buildings 2025, 15, 3774 10 of 22

to the concrete infill in J1-F, which restricted concave deformation of the steel tube and
accelerated crack propagation.

(3) J2-F: The bearing capacity was considerably higher than that of J2-H, with smaller
joint rotation and fuller hysteresis curves. This demonstrated that concrete infill effectively
restrained steel tube deformation, thereby increasing initial stiffness, enhancing peak
bending moment, and improving energy dissipation capacity.

(4) Specimens J3-F and J3-H, where the beam was connected to the column only
through the web, exhibited very low bearing capacity (Figure 7c–e). When the beam flange
was connected via plate P3 (J4-F and J4-H), the bearing capacity increased significantly,
and the hysteresis curves became fuller. With both the web and flange connected (J5-F
and J5-H), the bearing capacity reached a level comparable to that of the end-plate joint,
accompanied by reduced deformation and well-developed hysteresis behavior.

(5) Joints with angle connector plates exhibited superior performance in peak bending
moment and hysteresis plumpness level (Figure 7f–h). Compared with J5-F and J5-H,
specimens J6-F and J6-H achieved higher bearing capacity while reducing SQC by 11.4%.
For this joint type, increasing the height of the triangular stiffener further enhanced bending
capacity, stabilized hysteresis behavior, and improved seismic performance.

3.3. Skeleton Curves and Feature Points

The skeleton curve of each specimen was obtained by connecting the peak points of
each loading level in the same direction on the hysteresis curve. The bending moment
(M)–rotation (θ) skeleton curves are presented in Figure 8, and the corresponding hysteretic
performance indicators are listed in Table 3 where My, Mp, and Mu represent the yielding,
peak, and ultimate moments, respectively, while θy, θp, and θu denote the corresponding
rotations. The characteristic points of the skeleton curves were determined using the yield
moment method, as illustrated in Figure 9. From Figure 8, it can be observed that:

µ =
θu

θy
(5)

(1) The skeleton curves of all specimens exhibited an “S” shape with three distinct
stages: elastic, elastoplastic, and plastic. Under forward and reverse loading, the curves
were not symmetrical, mainly due to random effects, such as fabrication tolerances and
residual welding stresses.

(2) In the initial loading stage, the bending moments of two specimen groups showed
minimal differences. At later stages, however, the load capacity of the second group were
significantly higher than that of the first group, suggesting that deformation of the HSST
columns in the first group had begun. In the plastic stage, specimens with concrete-filled
columns developed higher bending moments than their hollow counterparts, but the
ultimate bending moments of each pair remained similar. This implies that ultimate failure
was governed by steel yielding. Although concrete infill reduced column deformation, it
did not fundamentally change the joint’s failure mode.

(3) A comparison of Figure 8a,b shows that beam end-plate joints achieved higher
peak bending moments than welded joints and exhibited a distinct plastic deformation
stage, demonstrating superior ductility.

(4) When the column was connected only through the beam web (J3-F and J3-H), the
peak bending moments were only 6.15 and 4.67 kN·m, respectively (Figure 8c–e). With the
beam flange connected to plate P3 (J4-F and J4-H), the peak bending moments increased
to 14.69 and 11.78 kN·m, accompanied by a steeper elastic phase slope, indicating greater
bending stiffness. When both the web and flange were connected (J5-F and J5-H), the peak
bending moments further increased to 17.07 and 14.09 kN·m, while the yielding moments
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rose by 20.20% and 26.09% compared with J4-F and J4-H, respectively. Therefore, J3-F and
J3-H are unsuitable for moment-resisting frames, whereas J5-F and J5-H, with higher initial
stiffness and peak bending moments, are more suitable for engineering applications.

   
(a) (b) (c) 

   
(d) (e) (f) 

 

(g) (h)  

Figure 8. Skeleton curves: (a) J1-F & J1-H; (b) J2-F & J2-H; (c) J3-F & J3-H; (d) J4-F & J4-H; (e) J5-F &
J5-H; (f) J6-F & J6-H; (g) J7-F & J7-H; (h) J8-F & J8-H.

(5) The six specimens exhibited similar slopes in the initial loading stage, but their
behaviors diverged as loading progressed (Figure 8f–h). For J7-H, the reduction in bearing
capacity was primarily caused by weld failure between the column and the angle connector
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plate, which was clearly reflected in its skeleton curve. In J7-F, the capacity decreased due
to two factors: weld failure between the column and the angle connector plate, and weld
failure at the end of the triangular stiffener. These failures produced a less smooth skeleton
curve with multiple inflection points. Similar behavior was also observed in J6-F and J6-H.

Table 3. Feature points of skeleton curves.

Specimens Loading
Direction

My
(kN·m) θy (%) Mp

(kN·m) θp (%) Mu
(kN·m) θu (%) µ Ω

J1-H
Forward 10.94 1.76 11.60 2.35 10.16 4.08 2.32

1.08
Negative 9.98 1.31 11.52 2.04 9.79 3.83 2.92

J1-F
Forward 10.40 1.05 12.24 2.15 10.49 2.29 2.18

1.13
Negative 10.75 0.94 12.04 1.94 10.23 2.46 2.62

J2-H
Forward 11.61 2.68 13.85 6.14 11.78 7.05 2.63

1.19
Negative 11.32 2.80 14.15 6.15 12.03 6.73 2.40

J2-F
Forward 14.11 2.54 18.54 5.11 15.97 6.18 2.43

1.26
Negative 14.64 2.59 18.77 4.91 18.77 4.91 1.90

J3-H
Forward 4.16 4.08 4.65 5.08 3.95 6.09 1.49

1.14
Negative 3.81 3.07 4.56 4.23 3.88 6.06 1.97

J3-F
Forward 5.26 4.04 6.15 4.99 5.23 6.14 1.52

1.28
Negative 3.62 4.02 5.38 5.62 4.57 6.26 1.56

J4-H
Forward 9.62 1.54 11.78 2.76 10.01 3.19 2.07

1.19
Negative 9.01 0.84 11.29 2.41 9.60 4.03 4.80

J4-F
Forward 11.68 2.19 15.57 7.01 15.57 7.01 3.20

1.32
Negative 11.13 2.17 15.22 6.33 15.22 6.33 2.92

J5-H
Forward 11.70 1.56 14.09 4.08 11.98 6.11 3.92

1.14
Negative 12.13 1.18 13.74 3.55 13.10 5.21 4.42

J5-F
Forward 14.12 1.15 16.87 2.01 14.34 4.39 3.82

1.15
Negative 14.58 1.27 17.07 3.62 14.51 4.55 3.58

J6-H
Forward 12.13 2.31 17.31 4.54 14.71 5.92 2.56

1.33
Negative 13.33 2.19 17.92 4.09 15.23 5.56 2.54

J6-F
Forward 16.08 1.94 19.91 5.81 16.92 6.46 3.33

1.25
Negative 15.15 2.09 19.74 5.18 16.78 6.31 3.02

J7-H
Forward 17.26 2.25 20.64 4.60 17.54 8.11 3.60

1.31
Negative 14.38 2.17 21.36 5.63 18.16 7.89 3.64

J7-F
Forward 17.25 2.01 24.74 6.09 23.68 7.10 3.53

1.47
Negative 15.29 2.08 24.78 6.85 21.74 8.02 3.86

J8-H
Forward 18.83 2.22 32.13 6.69 30.11 7.32 3.30

1.59
Negative 19.67 2.14 32.66 5.65 27.76 7.59 3.55

J8-F
Forward 25.87 2.16 35.57 5.21 30.23 7.07 3.27

1.34
Negative 24.64 2.29 33.49 5.67 28.47 7.95 3.47
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Figure 9. Yield moment methodology.

Compared with J6-F and J6-H, the addition of 64 mm-high triangular stiffeners in J7-F
and J7-H increased the peak bending moments by 24.51% and 19.20%, respectively. When
the stiffener height was further increased to 144 mm in J8-F and J8-H, the peak bending
moments rose by 78.65% and 79.30% relative to J6-F and J6-H. These results demonstrate
that triangular stiffener height is a key parameter affecting seismic performance. For
practical engineering applications, triangular stiffeners should be designed with adequate
height to ensure the required load-bearing capacity while remaining within the limits
imposed by floor slab thickness.

(6) The average ultimate drift ratio, θu, of the specimens with angle connector plates
was 1/14. This value is substantially greater than the elasto-plastic inter-story drift limit of
1/50 specified by the code [40] to prevent collapse. The fact that structures with these con-
nections possess considerable deformation capacity beyond the code’s collapse prevention
limit demonstrates their excellent seismic resilience.

3.4. Stiffness Degradation

The secant stiffness Ki of a specimen in a given loading cycle was calculated using
Equation (6), where M+

i and M−
i denote the peak bending moments in the positive and

negative directions in the i-th loading cycle, θ+i and θ−i represent the corresponding ro-
tations. The relationship between secant stiffness K and the joint rotation θ is presented
in Figure 10. The comparisons of stiffness in the early loading phase for two groups of
specimens were listed in Table 4 where K1 denote Ki of the first loading cycle, Ka denote
the rotational secant stiffness of each specimen at θ = 0.5, respectively, obtained by linear
interpolation. The results indicate that:

Ki =

∣∣M+
i

∣∣+ ∣∣M−
i

∣∣∣∣θ+i ∣∣+ ∣∣θ−i ∣∣ (6)

(1) The initial rotational stiffness of the welded joint specimen J1-F was 23.23% higher
than that of J1-H, whereas the initial rotational stiffness of the end-plate joint specimen
J2-F was 51.28% higher than that of J2-H (Figure 10a, Table 4). These results indicate that,
under identical configurations and dimensions, CFSST column–H-beam joint specimens
provide significantly higher initial rotational stiffness than HSST column–H-beam joint
specimens, with the improvement magnitude depending on the joint type. By contrast, the
initial rotational stiffness of welded and end-plate joints was generally comparable.
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Figure 10. Stiffness degradation comparison: (a) J1-F, J1-H, J2-F & J2-H; (b) J3-F, J3-H, J4-F, J4-H, J5-F
& J5-H; (c) J6-F, J7-F & J8-F; (d) J6-H, J7-H, & J8-H; (e) J7-F & J7-H; (f) J8-F & J8-H.

Table 4. Comparisons of stiffness in the early loading phase for two groups of specimens.

Specimen K1 Increase (%) Ka Increase (%)

J1-H 17.09 14.76

J1-F 21.06 23.23 16.63 12.67

J2-H 14.02 11.79

J2-F 21.21 51.28 16.58 40.63

J3-H 1.47 ——

J3-F 1.95 32.65 —— ——

J4-H 12.08 12.63

J4-F 19.79 63.82 17.18 36.03

J5-H 18.19 16.98

J5-F 24.44 34.36 20.20 18.96

J6-H 17.06 15.77

J6-F 20.88 22.39 18.10 14.77

J7-H 19.38 17.01

J7-F 24.19 24.82 21.93 28.92

J8-H 29.16 23.55

J8-F 29.69 1.82 25.63 8.83
Note: (1) The “increase” value in the third column represents the percentage growth in K1 relative to the previous
row. (2) The “increase” value in the fifth column represents the percentage growth in Ka relative to the previous
row. (3) For specimens J3-H and J3-F, θ surpassed the 0.5% threshold at the first load level, so Ka could not
be obtained.

(2) The rotational stiffness of web-connected joint specimens (i.e., J3-F and J3-H) was
significantly lower than that of the other specimens (Figure 10b, Table 4). The initial
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rotational stiffness of J5-F was 23.49% higher than that of J4-F, while that of J5-H was 50.58%
higher than that of J4-H. However, when θ exceeded 2%, the rotational stiffness of all four
specimens converged to similar values. This indicates that incorporating a web connection
into a flange-connected joint considerably enhances initial rotational stiffness but has little
influence on stiffness at later deformation stages.

(3) The initial rotational stiffness of J6-F was 22.39% higher than that of J6-H, while
J7-F exhibited a 24.82% higher value than J7-H. By contrast, the initial rotational stiffness of
J8-F was nearly identical to that of J8-H. This indicates that for beam–column joints where
the primary failure occurs at the beam end, an increase in column stiffness only leads to a
marginal improvement in the joint’s rotational stiffness.

(4) As shown in Figure 10, when θ < 2.5%, the specimens showed rapid stiffness
degradation, whereas for θ > 2.5%, the degradation became gradual. The degradation of
stiffness during the early loading phase is attributed to several factors: the deformation of
steel plates, the development of micro-cracks induced by stress concentration, and the slip
of shear connectors. As the load continued to increase, the cracked portions ceased to carry
load, leading to stress redistribution. This effect, combined with the material hardening of
the steel plates, resulted in a slower degradation of stiffness.

3.5. Energy Dissipation

The energy dissipation of a specimen during one loading cycle corresponded to the
area enclosed by its hysteresis loop. The cumulative energy dissipation after the first i cycles
was defined as Ep. The relationship between Ep and the maximum joint rotation θ in the
i-th cycle is presented in Figure 11. Figure 11e,f show the Ep-θ relationships incorporating
the SQC factor, enabling a direct comparison of the cost-performance ratio among the
various joints. To evaluate the energy dissipation capacity of connections, the eouivalent
viscous damping coeficient ζeq was used in this study. Based on JGJ/T 101-2015 [41], ζeq

was calculated using Equation (7) from the hysteresis curves of the specimens.

ζeq =
1

2π
× SABCD

S(OBE+ODF)
(7)

In the equation, SABCD is the area surrounded by the hysteresis curve, and SOBE and
SODF are the areas of the triangles OBE and ODF, respectively (Figure 12a). The ζeq-θ curves
of main specimens are presented in Figure 12b–d.

The results indicate that:
(1) As the rotation θ increased, the cumulative energy dissipation of all specimens

exhibited a stepwise growth trend. When θ < 2%, the cumulative energy dissipation of
each specimen remained low, whereas when θ > 2%, a significant increase was observed.
Experimental observations indicated that the cumulative energy dissipation of a joint
specimen was mainly governed by two mechanisms: frictional slip at microfractures and
plastic deformation of steel. At small rotation angles, both slip and plastic deformation
were minimal, leading to low energy dissipation. With increasing θ, these effects became
more pronounced, resulting in a sharp rise in cumulative energy dissipation.

(2) The cumulative energy dissipation of welded and end-plate joints was nearly iden-
tical, suggesting that both joint types exhibited comparable energy dissipation capacities
at equal rotation angles (Figure 11a). Figure 11b shows that web-connected joints (i.e.,
J3-F and J3-H) exhibited relatively low energy dissipation. For the same rotation θ, the
cumulative energy dissipation of web-flange-connected joints (i.e., J5-F and J5-H) was
approximately 30–40% higher than that of flange-connected joints (i.e., J4-F and J4-H).
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Figure 11. Energy dissipation comparison: (a) J1-F, J1-H, J2-F & J2-H; (b) J3-F, J3-H, J4-F, J4-H, J5-F &
J5-H; (c) J6-F, J7-F & J8-F; (d) J6-H, J7-H, & J8-H; (e) Ep/SQC of J2-F, J5-F, J6-F, J7-F & J8-F; (f) Ep/SQC
of J2-H, J5-H, J6-H, J7-H & J8-H.
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Figure 12. Diagram of equivalent viscous damping coefficient. (a) Calculation method of ζeq. (b) ζeq-θ
curves of J2-F, J2-H, J5-F& J5-H. (c) ζeq-θ curves of J6-H, J7-H & J8-H. (d) ζeq-θ curves of J6-F, J7-F
& J8-F.
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(3) According to Figure 11c,d, when θ < 3%, the cumulative energy dissipation of
the specimens was nearly identical. However, when θ > 3%, the slopes of the cumulative
energy dissipation curves for J8-F and J8-H increased markedly. At θ = 7%, the cumulative
energy dissipation of J8-F was 40.1% higher than that of J7-F, and that of J8-H was 45.2%
higher than J7-H. These findings indicate that incorporating high triangular stiffeners in
beam–column joints with angle connector plates can substantially improve the energy
dissipation capacity of the specimens.

(4) At θ = 4%, the cumulative energy dissipation of J7-F was 19.9% higher than that
of J7-H, and that of J8-F was 13.6% higher than J8-H. At θ = 6%, the cumulative energy
dissipation of J7-F was 18.6% higher than that of J7-H, and that of J8-F was 11.8% higher
than that of J8-H. These results suggest that concrete infill in the column provides a
moderate improvement in the energy dissipation capacity of beam–column joints with
angle connector plates, generally in the range of 10–20%.

(5) As can be seen from Figure 11e,f, the Ep/SQC ratios for all specimens are very
similar when θ is less than 4.5%. This indicates that to enhance the cumulative energy
dissipation of the beam–column connection, an appropriate increase in SQC is essential.
Beyond θ = 4.5%, some specimens began to gradually lose their load-bearing capacity
due to failure. However, joints with angle connector plates continued to dissipate energy,
benefiting from its superior deformation capacity. Furthermore, discernible differences in
the Ep/SQC values among the specimens emerged in this stage, confirming the advantage
of specimens J8-F and J8-H.

(6) When θ < 2%, ζeq increased rapidly from an initial value of less than 0.05. Beyond a
value of 2 for θ, ζeq entered a stage of slow increase, with its value ranging from 0.2 to 0.27
for all specimens in this stage. Specimens J2-F, J8-F, and J8-H exhibited higher ζeq, which
signifies better energy dissipation capacity. ζeq was further improved by concrete infill
in the columns, resulting in an increase of up to 10% for the SST column-H-beam joints.
Additionally, for the angle connector plate joints, an increase in the height of the stiffeners
also leads to a higher value of ζeq.

3.6. Joint Classification

The initial rotational stiffness of a beam–column joint, denoted as R0, was obtained
from the elastic portion of the moment-rotation curve. According to Eurocode 3 [42], joints
are classified based on stiffness and strength.

Based on the initial rotational stiffness, joints can be categorized as follows:
(1) When R0 ≤ 0.5 EIb/lb, the joint is nominally pinned.
(2) When R0 ≥ 8 EIb/lb for a braced frame or R0 ≥ 25 EIb/lb for an unbraced frame, the

joint is rigid.
(3) Joints that do not fall into the above categories are classified as semirigid.
Where E denotes the elastic modulus of the beam steel, Ib represents the moment

of inertia of the beam section about the horizontal axis of symmetry, and lb indicates the
beam length.

According to the joint strength, the classification is as follows:
(1) When Mu ≤ 0.25 Mbp, the joint is nominally pinned.
(2) When Mu ≥ Mbp, the joint is full-strength.
(3) The remaining cases are partial-strength joints.
Where Mu denotes the ultimate bending moment of the joint, and Mbp represents the

plastic moment resistance of the beam. For an H-beam, Mbp is defined as the product of the
plastic section modulus Wp of the beam section and the yield strength fy of the steel. In this
study, the calculated Mbp of the H-beam is 28.93 kN·m.
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The relevant parameters for each specimen are presented in Table 5 based on the stiff-
ness classification criteria, all specimens except J3-H and J3-F were classified as semi-rigid
joints. According to the strength classification criteria, J3-H and J3-F were nominally pinned
joints, whereas J8-H and J8-F were full-strength joints, indicating full utilization of the
component strength. The remaining 12 specimens were classified as partial-strength joints.

Table 5. Classification of joint specimens.

Specimens R0
(kN·m/rad)

Mu
(kN·m)

EIb/lb
(kN·m) R0lb/EIb Mu/Mbp Joint Classification

J1-H 1708.7 9.83 1791.86 0.95 0.34 Semi-rigid, partial-strength
J1-F 2105.8 10.36 1791.86 1.18 0.36 Semi-rigid, partial-strength
J2-H 1402.3 11.91 1791.86 0.78 0.41 Semi-rigid, partial-strength
J2-F 2121.1 17.37 1791.86 1.18 0.60 Semi-rigid, partial-strength
J3-H 147.5 3.92 1791.86 0.08 0.14 Nominal pinned, nominal pinned
J3-F 195.3 4.91 1791.86 0.11 0.17 Nominal pinned, nominal pinned
J4-H 1207.9 9.81 1791.86 0.67 0.34 Semi-rigid, partial-strength
J4-F 1979.8 15.39 1791.86 1.10 0.53 Semi-rigid, partial-strength
J5-H 1819.5 12.54 1791.86 1.02 0.43 Semi-rigid, partial-strength
J5-F 2444.3 14.37 1791.86 1.36 0.50 Semi-rigid, partial-strength
J6-H 1805.6 14.97 1791.86 1.01 0.52 Semi-rigid, partial-strength
J6-F 2088.1 16.85 1791.86 1.17 0.58 Semi-rigid, partial-strength
J7-H 1897.7 18.04 1791.86 1.06 0.62 Semi-rigid, partial-strength
J7-F 2428.9 22.71 1791.86 1.36 0.78 Semi-rigid, partial-strength
J8-H 2957.2 29.68 1791.86 1.65 1.03 Semi-rigid, full strength
J8-F 2969.4 29.99 1791.86 1.66 1.04 Semi-rigid, full strength

3.7. Comprehensive Evaluation

Five indices, peak bending moment, initial stiffness, cumulative energy dissipation,
concrete filling, and SQC, were adopted for evaluating beam–column joints. An optimal
joint was required to exhibit high mechanical performance with minimal cost. For a com-
prehensive comparison, all indices were normalized to dimensionless values. Peak bending
moment, initial stiffness, and cumulative energy dissipation, representing mechanical
performance, were normalized by dividing each value by 1.1 times the maximum among
all specimens. Concrete filling and SQC, representing construction cost, were normalized
using their reciprocals to obtain economic performance indices. A pentagon plot was
generated for each specimen based on the five indices (Figure 13), and the enclosed area
was defined as the practicality indicator S. The S values of all 16 specimens are presented
in Table 6.

Table 6. Practicality indicator S of specimens.

Specimens J1-H J2-H J3-H J4-H J5-H J6-H J7-H J8-H

S value 0.571 0.509 0.330 0.437 0.494 0.684 0.822 1.240
Specimens J1-F J2-F J3-F J4-F J5-F J6-F J7-F J8-F

S value 0.482 0.564 0.255 0.601 0.507 0.642 0.844 1.247

The practicality indicator S for specimens J3-H and J3-F was below 0.330, indicating
limited suitability for use in moment-resisting frames (Table 6). Most specimens exhibited
S values between 0.437 and 0.674, reflecting moderate practicality. Specimens J7-H and J7-F
achieved S values of 0.822 and 0.844, respectively, while J8-H and J8-F attained the highest
values of 1.240 and 1.247. These findings indicate that the proposed beam–column joint with
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angle connector plates offers a balanced combination of mechanical performance and cost-
effectiveness, thereby demonstrating strong potential for practical engineering applications.

  
(a) (b) 

  
(c) (d) 

Figure 13. Comparison of five key indices: (a) J1-H, J1-F, J2-H & J2-F; (b) J3-H, J3-F, J4-H & J4-F;
(c) J5-H, J5-F, J6-H & J6-F; (d) J7-H, J7-F, J8-H & J8-F.

It should be noted that this evaluation considers only joint performance. When
additional column properties, such as axial compression and bending, are taken into
account, the practicality of the CFSST column–F–beam joint would be further improved [43].

4. Conclusions
In this study, pseudo-static loading tests were performed on 16 SST column–H-beam

joint specimens to investigate their failure modes and hysteresis behavior. The key conclu-
sions are as follows:

(1) The seismic performance of beam–column joints was strongly influenced by struc-
tural configuration. Traditional welded joints exhibited plump hysteresis loops but low
peak bending moments and brittle failure. Bolt-assembled joints displayed varying degrees
of pinching in the hysteresis curves. End-plate joints achieved substantially higher peak
bending moments than welded joints, with enhanced deformation capacity and ductile
failure behavior.

(2) Web-connected joints exhibited low peak bending moments and bending stiff-
ness, rendering them unsuitable for moment-resisting frames. Flange-connected joints
improved peak bending moments but retained limited initial stiffness and energy dissipa-
tion. Web-flange-connected joints increased peak bending moments by 15.59% for CFSST
column–H-beam joints and 20.52% for HSST column–H-beam joints, while initial bending
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stiffness increased by 23.43% and 50.58%, respectively. This joint type also demonstrated
significantly enhanced energy dissipation capacity.

(3) The joint with angle connector plates exhibited superior seismic performance
compared with other specimens, particularly when triangular stiffeners were incorporated.
With a stiffener height of 144 mm, the peak bending moment increased by 78.65% for the
CFSST column–H-beam joint and by 79.30% for the HSST column–H-beam joint. Significant
improvements were also observed in initial stiffness and energy dissipation capacity, along
with reduced stiffness degradation. According to Eurocode 3, this specimen was classified
as a semi-rigid full-strength joint. These findings indicate that triangular stiffener height is
a critical parameter influencing the mechanical behavior of this joint type.

(4) Compared with HSST column–H-beam joints, CFSST column–H-beam joints of
identical configuration exhibited peak bending moments 5.52–32.65% higher and initial
stiffness values 15.59–51.28% higher, while ultimate bending moments showed no signifi-
cant difference. Energy dissipation of CFSST joints with angle connector plates was 10–20%
greater than that of the corresponding HSST joints.

(5) A comprehensive evaluation of mechanical performance and cost identified the
SST column–H-beam joint with angle connector plates as the most practical configuration.
In engineering applications, increasing the height of triangular stiffeners in the connector
plates can further enhance overall joint performance.
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