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Abstract

The paper presents experimental investigations on the cyclic behavior of unstiffened extended
end-plate moment connections fabricated from high-strength steel. Five tests were conducted on
connections using conventional (grade Q355, f; = 355 MPa) steel beams and high-strength
(grade Q690, f, = 690 MPa) steel columns and end plates. The effects of end plate and column
flange thicknesses, and weak panel zone design, were examined, thus resulting in failure modes
being either end-plate fracture, bolt rupture, or combined mode. Experimental results are
provided in detail, including observations of different failure modes, moment-story drift angle,
moment-connection rotation, moment-shear distortion, and moment-beam rotation curves, as
well as mechanical indices to characterize cyclic response. The moment resistances of these
specimens are compared with Eurocode 3 Part 1-8, indicating consistent predictions. The
maximum and cumulative plastic rotations, and cumulative energy dissipation, are evaluated,
demonstrating limited plastic rotations (15-25 mrad) of the bolted end-plate but substantial
plastic distortion (> 35 mrad) of the panel zone. Hence, the 30% limit on web panel contribution
to joint plastic rotation is suggested to be relaxed to 70%. Inelastic response of the panel zone can
be well predicted by the Krawinkler model. Thinner column flanges than the end plate of the

same steel grade has an adverse affect and should not be used in seismic design.
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1 Introduction

High-strength structural steels, defined as those with nominal yield strengths > 460 MPa
(e.g., Q460 in China or S460 in Europe) [1-5], enable lightweight structural systems that offer
both economic advantages through material efficiency and environmental benefits via reduced
embodied carbon. Their architectural versatility further enhances their appeal for modern
construction [6]. To maximize these benefits while mitigating serviceability concerns,
high-strength steels are particularly suitable for braced frame systems where deflection
requirements are non-governing. In such applications, semi-continuous connections - especially
bolted end-plate configurations - provide optimal solutions by combining fabrication efficiency
with cost-effectiveness [7]. Their widespread adoption in steel semirigid frames built in seismic
areas underscores the critical need for research into the behavior of high-strength steel end-plate
connections to facilitate code-compliant engineering implementations. Because high-strength
steels are characterized with high yield-to-tensile ratio and low ductility [8, 9], current seismic
design criteria derived from prior research on conventional structural steels are challenged. To
ensure seismic safety and realize optimized design, the knowledge on the plastic rotation supply
and energy dissipation capacity of high-strength steel end-plate connections is important for
semirigid frames that are expected to experience inelastic deformation demand under strong
earthquakes [10].

When properly designed, extended end-plate connections can achieve substantial initial
rotational stiffness and resistance. Their energy dissipation capacity may be further enhanced
through balanced design between bolts and end plates [11, 12], thereby avoiding the premature
weld fracture issues commonly observed in traditional welded moment connections under
seismic loads [13, 14]. As for high-strength steels, the inherent low material ductility does not

necessarily translate to unsatisfactory structural ductility. High-strength steels still exhibit stable
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cyclic responses at the material level [15-17]. Besides, the ductility of structural members and
connections is also governed by geometry discontinuities and system-level behavior [18, 19].
Girdo Coelho and Bijlaard [20, 21] demonstrated that bolted end-plate joints with S690 or S960
steel end plates could attain monotonic plastic rotations exceeding 35 mrad through optimized
bolt-to-end-plate configurations. Dubina et al. [22] revealed that stiffened extended end-plate
connections designed for Failure Mode 2 (per Eurocode 3 Part 1-8 [23]) using S460 or S690 steel
end plates achieved cyclic plastic rotations of 25—38 mrad, meeting the ductility requirements
for DCM (Ductility Class Medium) and even DCH (Ductility Class High) in Eurocode 8 Part 1
[24]. Notably, they also found that S460 steel column web panels contributed over 60% of the
total joint rotation via shear distortions exceeding 25 mrad, suggesting that the 30% limit in
Eurocode 8 Part 1 for panel zone deformation contributions may be overly conservative. Sun
et al. [25] tested four Q690 steel flush and extended end-plate connections under cyclic loading,
reporting ultimate joint rotations (at 85% peak moment) surpassing 35 mrad. Liang et al. [26]
evaluated three Q690 stiffened extended end-plate connections with reduced beam sections
(RBS) under cyclic loading. While tests were terminated due to beam torsional buckling or
lateral restraint limits, the results could not fully characterize the connections’ seismic
performance. Recent European prequalification programs have substantially advanced the
seismic design and qualification of conventional-steel end-plate beam-to-column joints: the
EQUALJOINTS and EQUALJOINTS-Plus projects established a harmonized prequalification
procedure for EC8-compliant joints [27], which has been applied to external extended stiffened
end-plate joints [28] and to ECS8-1-2-compliant unstiffened end-plate joints [29], while
shake-table tests have further validated moment-resisting frames with detachable yielding zones
[30]. These studies, however, concern conventional steels, and their design provisions have not
been verified for high-strength steel end-plate connections.

Existing experimental studies under monotonic loading [20, 21, 31, 32] have demonstrated

that the component method specified in Eurocode 3 Part 1-8 remains applicable for high-strength
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steel end-plate connections. The authors’ previous work [32] further revealed that the code
provisions for joint rotation capacity tend to be conservative. However, despite the above
prequalification studies on conventional steels, current research on the seismic performance of
high-strength steel end-plate connections [22, 25] remains limited, particularly for unstiffened
extended end-plate connections, where insufficient experimental data exist to establish the
quantitative relationships between key design parameters (e.g., end-plate thickness, bolt
configuration) and seismic performance indicators such as plastic rotation capacity and energy
dissipation capability. Notably, the column web panel - even when fabricated from high-strength
steel - exhibits significant plastic shear deformation capacity [33, 34]. Previous studies have not
comprehensively investigated its interaction effects with bolted end-plate connections under
cyclic loading conditions. To address these research gaps, this study conducts cyclic loading tests
to systematically examine how the compatibility between Q690 high-strength steel end-plates,
panel zones, column flanges and bolts influences the seismic performance of connections. The

experimental results provide a basis for developing reliable seismic design recommendations.

2 Test program

2.1 Design of specimens

A reference one-sided end-plate connection was designed to represent typical joints between
Q355 conventional-strength steel beams and Q690 high-strength steel columns in a prototype
3-bay, 6-story steel moment frame [33]. This material combination reflects practical Chinese
construction practices where beam design is typically governed by deflection requirements under
gravity loads, limiting the benefits of using high-strength steel in beams. Conversely, column
design must satisfy strength/stability requirements under combined gravity and seismic loading
as well as the strong-column-weak-beam (SCWB) mechanism, making high-strength steel
advantageous for material efficiency. The prototype frame features 6 m beam spans and 3 m story

heights, with welded H-sections for both beams (h,XbyXtypXtg, = 320x160x8x14 mm) and
4



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

columns (hcXbe Xty Xt = 200x160x12x16 mm). These sections were designed according to
Chinese Standard [35] and verified as Class 1 cross-sections per Eurocode 3 Part 1-1 [36]. The

SCWB mechanism and panel zone strength requirements were carefully checked by,

EWe fre (1 - P/Py)

>1 (D)
1.1ny Wy fyb
a’pszbfyb <1 (2)
4 fye N
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V3

where W,,. and Wy, are plastic section moduli of the column and beam, respectively; fy. and fy
are material yield strength of the column and beam, respectively, and n, = 1.1 accounting for
material overstrength; P is the axial column load, taken as 30% of the yield axial load, Py = f, A,
(Ac 1s the column cross-section area); h,, = hy — tw, by, = he — tg, and t,, = fy. (no doubler
plates) are the height, width, and thickness of the panel zone, respectively; a,, is a factor equal to
0.95 for one-sided connections tested in this study. The SCWB ratio and panel zone demand-to-
capacity ratio for the aforementioned combination of beam and column cross sections are 1.6 and
0.8, respectively, allowing for controlled yielding in the panel zone.

The bolted end-plate connection was designed following Chinese Technical Specification [37]
under design gravity load combinations. In this specification, the tensile bolt region of the end
plate is idealized as an equivalent T-stub, and the design proceeds as follows. The tension and

shear demands per bolt are, respectively,

< NP 3)

N,=— < NP (4)

where M is the connection moment, N is the connection axial tension (N = 0 under compression),

V is the connection shear, 7 is the total number of bolts, 7, is the total number of bolts in the two
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rows symmetric about the tension flange, n, is the number of bolts resisting shear (n, = n —n,), h;
is the distance between the beam flange centerlines, N? is the tension capacity of a high-strength
bolt (N° = 0.8P, where P is the standard pretension), and N? is the slip-critical shear capacity of
a high-strength bolt (N° = 0.9kn¢uP, where k = 1 for a standard hole, n; = 1 for a single shear

plane, and the slip factor u = 0.3). The required end-plate thickness without prying action is

fo= 4€2Ntb 5
ec = bf )

where e, is the distance from the bolt center to the web edge of the T-stub, b is the effective end-

plate width per bolt row, and f is the design strength of the end-plate steel. When prying action is

considered, the required end-plate thickness and the associated coefficients are

4€2Nt

fe 2 bl (6)

with the prying influence factor ¢ = 1 + da’, the section coefficient 6 = 1 — dy/b, p = e>/ey,
B = (1/p)(N°/N; — 1), and @ = 1.0 for 8 > 1.0 or @ = min{(1/6)[B/(1 — B)], 1.0} for B < 1.0,
where d is the bolt hole diameter, and e, is the distance from the bolt center to the free edge of

the T-stub. The prying force and its coefficient are

2
Q=N [&vp(t—e) ] )

ec

with @ = (1/8)[(N;/NP)(tee/t.)* — 1] > 0, and the bolt tension check is
N+ Q < 1.25N} (8)

Following the prototype-frame internal forces (M = 97.2 kN-m, N = 0, V = 1944 kN), a

benchmark specimen satisfying all the Chinese code capacity requirements was designed,
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adopting ten Class 10.9 M20 high-strength bolts (P = 170 kN, dy = 22 mm) and a 16 mm-thick
Q690 end plate (. = 16 mm, f = 630 MPa), with demand-to-capacity ratios of 0.64 (end plate),
0.51 (bolt in tension), 0.71 (bolt in shear) and 0.80 (panel zone). This configuration, as shown in

Figure 1, is designated as B355-C690-EP16 (denoting beam/column grades and end-plate

thickness).
) fo  End plate (Q690) T%
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Figure 1. Extended end-plate connection details (unit: mm)

To investigate parameter effects, four variant specimens were developed: i) B355-C690-EP12
and B355-C690-EP8, featuring reduced end-plate thicknesses (12 mm and 8 mm, respectively); ii)
B355-C690-EP16-WPZ (denoting Weak Panel Zone) with reduced column web thickness (8 mm)
while maintaining SCWB, whose design ratios according to Egs. (1) and (2) are 1.5 and 1.21,
respectively, thus allowing substantial yielding in its panel zone; and ii1) B355-C690-EP16-WCF
(denoting Weak Column Flange) with thinner column flanges (12 mm), maintaining SCWB (the
ratio of Eq. (1) is 1.3) and panel zone relative strength (the ratio of Eq. (2) is 0.79) but intentionally
violating the column flange thickness requirement in Chinese Technical Specification [37] (which
prescribes the detailing rule that the column flange thickness should not be less than the end-plate

thickness) to explore economic optimization potential. Table 1 summarizes the test matrix.
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Table 1. Test specimens

Beam Column End plate Bolt

Specimen label section (mm) section (mm) thickness (mm)

B355-C690-EP16 H200x160x12x16 16
B355-C690-EP12 H200x160x12x16 12
B355-C690-EPs 102100 pn0xi60x12x16 8 10.95 M20
B355-C690-EP16- H200x160x8x16 16
WPZ
B355-C690-EP16- H200x160x12x12 16
WCF

It should be stressed that, the specimens are deliberately proportioned with strong beams and
columns so that the weakest components are the joint components themselves (end plate, bolts,
panel zone and column flange) rather than the beam end, which conflicts with the “strong
connection, weak member” principle of the current Chinese Standard [35] and is intentionally
adopted to explore the joint yielding and energy dissipation that the current Chinese code
framework excludes. This is also reflected in Table 2, where for each specimen, the
demand-to-capacity ratios per the Chinese code [35, 37], as well as the governing plastic
mechanism (end plate in bending “epb”, column flange in bending “cfb”, or column web panel in
shear “wp”, with the numbers in parentheses denoting bolt row locations (individual or group)
and the equivalent T-stub failure mode in square brackets) and the joint plastic resistance M;
(kN-m) computed with nominal material properties and without partial safety factors per the
Eurocode 3 Part 1-8 component method [23], are summarized.

The welding details in Chinese Technical Specification [37] were followed, including
complete-joint-penetration (CJP) groove welds between beam flanges and end plates, and
supplementary fillet welds (6 mm leg size) at weld roots and beam web, both using gas metal arc
welding (GMAW) with Q355-matched electrodes of type ESOIT-1, whose specified minimum
yield and tensile strength are 375 and 490 MPa, respectively. Continuity plates matching beam

flange thickness were used, connected via CJP and fillet welds to the column flanges and web,
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Table 2. Design evaluation per the Chinese code and Eurocode 3 Part 1-8

. Chinese code: D/C ratios' Eurocode 3 Part 1-8: mechanism?
Specimen label
End Bolt in Boltin Panel Yielding sequence M;
plate2 tension shear zone (kN-m)
B355-C690- 0.64 0.51 0.71 0.80 epb(1)[Mode 2] — 247
EP16 epb/cfb(2)[Mode 3] — wp
B355-C690- 1.14 0.70 0.71 0.80 epb(1)[Mode 1] — epb(2)[Mode 220
EP12 2] - wp
B355-C690- 2.57 0.83 0.71 0.80 epb(1)[Mode 1] — 145
EP8 epb(2+3+4)[Mode 1]
B355-C690- 0.64 0.51 0.71 1.21 epb(1)[Mode 2] — wp 188
EP16-WPZ
B355-C690- 0.64 0.51 0.71 0.79 epb(1)[Mode 2] — cfb(2)[Mode 240
EP16-WCF 2] - wp

! Per the Chinese code, the demands of the end plate, the bolts in tension and the bolts in shear (slip-critical) are
computed from the prototype-frame internal forces (M = 97.2 kN-m, N = 0, V = 194.4 kN); D/C denotes the
demand-to-capacity ratio.

2 Per the Chinese code, the end-plate, bolt-in-tension, bolt-in-shear and panel-zone demand-to-capacity ratios follow
Egs. (6), (8), (4) and (2), respectively; the end-plate demand-to-capacity ratio is expressed as (te,req/te)2 with
fereq = 12.8 mm.

3 Per Eurocode 3 Part 1-8, the evaluation uses nominal material properties without partial safety factors; the
“mechanism” column reports the governing plastic yielding sequence and the joint plastic resistance.

respectively.

2.2 Material properties

Table 3 summarizes the mechanical properties of the Q355 and Q690 steel plates used in this
experimental investigation. The comprehensive material characterization includes: modulus of
elasticity (E), yield strength (fy) or 0.2% offset strength where applicable, strain at yield plateau
termination/strain hardening initiation (&), ultimate tensile strength (f,), strain at ultimate strength
(&), yield-to-tensile strength ratio (f,/f.), percentage elongation at fracture (6). Notably, two
distinct batches of 12 mm-thick Q690 steel plates were utilized in specimen fabrication: i) Batch
I, used for Specimens B355-C690-EP16 and B355-C690-EP12, and ii) Batch II, employed for
Specimens B355-C690-EP8 and B355-C690-EP16-WCEF. The complete engineering stress-strain
relationships for these Q690 steel coupons have been previously reported by the authors [33, 34].

Additionally, tensile tests were performed on the Class 10.9 M20 high-strength bolts, with
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material documentation.

Table 3. Material properties

Steel Plate thickness E Iy €t fu €& an 19)

grade (mm) (GPa) (MPa) (MPa)

Q355 8 205.0 406 0.014 539 0.153 0.75 25%
14 203.5 368 0.020 522 0.200 0.70 29%
8 208.3 723 — 822  0.100 0.88 20%
10 189.4 794 — 902 0.106 0.88 21%

Q690 12(1) 205.8 775 0.018 816  0.060 0095 16%

12(1I) 203.7 660 — 749 0.079  0.88 17%

16 219.8 811 0.022 840 0.055 097 17%

10.9s M20 206.0 — — 1135 0.110 — —

2.3 Test setup

The experimental configuration, illustrated in Figure 2, features a beam-to-column connection
specimen mounted within a high-capacity reaction frame. The test setup was designed to
accurately simulate boundary conditions of the prototype structure through unidirectional hinge
supports at both column ends positioned at mid-story height (1500 mm from the beam
centerline). A 300-ton capacity hydraulic jack was installed at column top applying constant
axial compression (30% of the axial yield load, Py). A 30-ton capacity servo-hydraulic actuator
with a stroke range of £250 mm was mounted at beam end, 3000 mm away from the column
centerline representing a half-span distance. A lateral restraint system with roller bearings was

employed to prevent out-of-plane instability while minimizing frictional effects.

2.4 Loading protocol

The loading protocol consisted of two distinct phases: i) preloading phase for instrumentation

calibration and zeroing, and ii) formal testing phase to apply displacement-controlled cyclic
10
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Figure 2. Overview of the test setup
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loading per AISC Seismic Provisions [38], with continuous monitoring until fracture of critical

joint components (e.g., end plate fracture, bolt rupture) occurred.

2.5 Instrumentation

As shown in Figure 2(a), the actuator force, F, was measured by a built-in load cell in the
actuator, with push force defined as positive and pull force as negative. The measured
displacements include beam-end displacement (A), diagonal distance variations (Ap,; and A,») at
the joint panel zone corners, horizontal displacements (A.; and A.,) at the column flanges aligned
with continuity plate centerlines, horizontal gap openings (A.,1 and Agy) at the end-plate
locations aligned with beam flange centerlines. All displacements follow the positive direction
indicated by arrows in Figure 2(a).

The story drift angle (SDA), ¢, which is usually used for loading control and performance
evaluation of steel moment frames, indicates the behavior of the whole beam-to-column assembly.

It is defined as:

o= B ©)

where L is the beam span (6000 mm). The SDA consists of deformations of the beam (6,),
column, and rotation of the end-plate joint, which includes shear distortion () of the panel zone

and connection rotation (6.,) due to opening between the end plate and column flange [39, 40]:

Apt — Apz Nz + 115,

= 10
4 2 Dol (10)
Ae 1= Ae 2
0., = —p e 11
P . (11)
L_hc Acl _ACZ
6 = ¢ — b — 12
b ® p L hb_tfb ( )

Note that for each specimen, strain gauges were glued to the beam flange and web surfaces

near the face of the column to detect yielding, as well as a strain rosette to the center of the panel

12
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zone to monitor its shear yielding.

3 Test results

3.1 Test observations and failure modes

The specimens exhibited distinct failure mechanisms depending on the design plastic failure
sequence of joint components (see Table 1), including bolt rupture, end-plate cracking and fracture,
or combined failure modes, as illustrated in Figure 3. In the following test observations, the north
and south sides are indicated in Figure 2(a) when describing bolt locations. It should be noted that
nothing happened to columns outside panel zones in all specimens throughout testing, due to the
SCWB design adopted to ensure elastic column behavior. Local buckling was never observed as
the beam cross section was rather compact.

For Specimen B355-C690-EP16, the beam flanges near the end plate developed yielding at the
SDA amplitude of 3%, at which the end plate bending was also noticeable, followed by the beam
web and panel zone at the SDA amplitude of 4%. No other notable observations were made until
the first cycle to —6% SDA, when two outer bolts at the bottom beam flange fractured at —5%
SDA, followed by fracture of two inner bolts at —5.8% SDA. In the subsequent second cycle, two
outer bolts at the top beam flange fractured at 4.7% SDA, immediately followed by fracture of
two inner bolts at 5.4% SDA. After completing this cycle, testing was terminated with observed
cracking at the weld toe between the top beam flange and extended end plate, though without
complete fracture of the end plate, as shown in Figure 3(a).

For Specimen B355-C690-EP12, both the beam and the panel zone basically remained elastic
throughout testing. Only bending deformations were obviously noted in the end plate starting
from the SDA amplitude of 3%. Unlike Specimen B355-C690-EP16 which failed by bolt fracture
before apparent cracking in the end plate, Specimen B355-C690-EP12 exhibited initial cracking
at the flange-to-end-plate weld toes after 5% SDA amplitude. During the first cycle of 6% SDA,

two inner bolts at the top beam flange fractured nearly simultaneously at 5% SDA, while the south

13



212

213

214

215

216

217

218

End plate | \ End platfj ‘
fracture \ fracturefl o

(d) B355-C690-EP16-WPZ (e) B355-C690-EP16-WCF

Figure 3. Failure modes of the test specimens

inner bolt at the bottom beam flange fractured at —4.5% SDA, followed by the north inner one
at —5% SDA. In the second cycle of 6% SDA, complete penetration of cracks occurred at both
the top end-plate weld toe (6% SDA) and bottom end-plate weld toe (—6% SDA). Final failure
showed complete separation of both upper and lower extended end plates from the beam flanges,
as illustrated in Figure 3(b).

For Specimen B355-C690-EP8, no yielding was detected in the beam or panel zone. Notable

behavior of Specimen B355-C690-EPS initiated with cracking at the bottom end-plate weld toe

14
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during the first cycle to —3% SDA, followed by cracking at the top end-plate weld toe in the
second cycle to 3% SDA. These cracks progressively propagated, with partial penetration of the
end plate occurring after 4% SDA, resulting in significant strength degradation during the second
cycle of 4% SDA. Complete fractures of both top and bottom extended end plates occurred during
the first cycle of 5% SDA, as shown in Figure 3(c). Subsequent loading in the second cycle of 5%
SDA revealed full-penetration cracking at the north end-plate weld toe inside the top beam flange
at 4.3% SDA (see Figure 4(a)), accompanied by a 30mm crack at the south end-plate weld toe. At
—5% SDA of this cycle, a 20mm crack developed at the north end-plate weld toe inside the bottom
beam flange. Further loading produced a 40mm crack at the south end-plate weld toe inside the
bottom beam flange during the first cycle to —6% SDA (see Figure 4(b)). Testing concluded with

only the web-to-end-plate welds remaining intact and all bolts surviving without fracture.

(a) North crack (b) South crack

Figure 4. Cracks in the end plate inside beam flanges of Specimen B355-C690-EP8

For Specimen B355-C690-EP16-WPZ, the beam remained elastic as expected. The specimen
experienced panel zone yielding starting from the first cycle of 2% SDA, and demonstrated
significant panel zone shear deformation initiating at cycles of 3% SDA, evidenced by spalling of
the whitewash on the specimen surface. During the first cycle of 8% SDA, the south outer bolt at
the bottom beam flange fractured at —6.9% SDA, followed by fracture of both the north outer and
inner bolts at the bottom flange at —7.3% SDA, as depicted in Figure 3(d).

For specimen B355-C690-EP16-WCEF, observable end plate bending deformations were noted
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since the SDA amplitude of 3%, and slight yielding was noticed in the beam flange and panel
zone since the SDA amplitude of 5%. The north inner bolt at the bottom beam flange fractured at
—4.6% SDA during the second cycle to —5% SDA. Subsequent loading produced fracture of the
north outer bolt at the bottom flange at —4.3% SDA and the south outer bolt at —=5.5% SDA during
the first cycle to —6% SDA. The north inner bolt at the top beam flange ultimately fractured at
5.9% SDA in the second cycle to 6% SDA, as shown in Figure 3(e), marking the termination of
testing after completing the positive excursion of this cycle.

It is noteworthy that the experimentally observed failure modes are in good agreement with the
plastic failure sequences predicted by the component method of Eurocode 3 Part 1-8 (Table 2). In
the component method, the equivalent T-stub of a bolt row may fail in one of three modes: Mode
1, complete yielding of the flange, so that the end plate fractures with the bolts essentially intact;
Mode 2, bolt failure with yielding of the flange; and Mode 3, bolt failure. Mode 2 and Mode 3 both
culminate in bolt rupture. Since the component method adopts an ideal elastic-perfectly-plastic
assumption, and since the strain-hardening capacity of the end-plate steel is markedly higher than
that of the high-strength bolt material, a theoretical Mode 2 or Mode 3 mechanism is expected
to ultimately develop into bolt rupture accompanied by substantial residual bending of the end
plate under cyclic loading, exactly as observed in the tests (Figure 3). Although the component
method was originally developed for monotonic static design, the present results demonstrate that
it nevertheless provides a valuable reference for predicting the failure modes of Q690 high-strength

steel end-plate connections under cyclic (seismic) loading.

3.2 Hysteresis and backbone curves

Moment-SDA (M—¢) hysteresis curves for all specimens are shown in Figure 5, where the
moment is that at the column face, calculated by multiplying the beam tip reaction force by the
lever arm (3000 mm minus half the column section height). The beam’s first yield moment (M, )
and full plastic moment (M,y), determined from measured material properties, are included for

reference. Moment-panel zone shear distortion (M—y) curves, moment-connection rotation
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(M—6,,) curves, and moment-beam rotation (M—6,) curves are shown in Figures 6, 7 and 8,
respectively, with M, ,, indicating the column face moment at panel zone yielding based on
measured material strengths [33, 34].

The results demonstrate that only Specimens B355-C690-EP16 and B355-C690-EP16-WCF
reached M,y at 4% SDA, though their ultimate (or peak) moments remained below M. The
other four specimens maintained essentially elastic beam behavior throughout testing, consistent
with the design intent. Some shifts even at the initial elastic loading stage in the hysteresis curves
of the beams are apparently observed in Figures 8(c) and 8(e), owing to measurement errors
associated with small end-plate rotations since the beam rotation is a derived quantity. Specimen
B355-C690-EP16-WPZ exhibited exceptionally stable and full hysteresis loops (see Figure 6(d)),
reflecting the effective energy dissipation capacity of its intentionally weakened panel zone
design. In contrast, the remaining five specimens showed pronounced pinching effects in their
M—-6., hysteresis curves, characteristic of bolted end-plate connections. Notably, the pinching
effect was less pronounced in Specimen B355-C690-EP16-WPZ compared to the benchmark
Specimen B355-C690-EP16, as the significant panel zone shear deformation in the former
specimen altered the end-plate connection’s deformation pattern and reduced bolt deformations.

Constructed from the M—¢ hysteresis curves by connecting each data point corresponding to
the moment of the first cycle at each target story drift angle, M—¢ backbone curves are shown in
Figure 9, revealing that Specimen B355-C690-EP16-WPZ achieved its peak moment at 7% SDA,
demonstrating the superior deformation capacity of its panel zone. The other specimens generally
reached their peak moments between 4-5% SDA. Specimens B355-C690-EP16 and B355-C690-
EP16-WCF showed comparable moment strength, while the specimens with thinner end plates

(B355-C690-EP12 and B355-C690-EPS) exhibited progressively reduced strength.

3.3 Mechanical indices
Following the ECCS recommended method [41], the yield and ultimate (peak) moment

resistances (M, and M,) were determined from the M—¢ backbone curves, as shown in Table 4,
17
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Figure 5. Moment—SDA (M—¢p) hysteresis curves of the test specimens
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Figure 6. Moment—shear distortion (M—y) hysteresis curves of the test specimens
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Figure 9. Moment—-SDA (M—¢p) backbone curves of the test specimens

where both M, and M, represent the average values of positive and negative loading directions.
The design moment resistance (Mjrq) calculated using the component method in Eurocode 3 Part
1-8, based on the measured material yield strengths (Table 3) and without partial safety factors, is
presented in Table 4 as well. The ratio, M;rq/M,, ranges between 0.85-0.98, confirming code
applicability (slightly conservative) for high-strength steel extended end-plate connections and
also validating the authors’ previous findings from static performance studies [32]. Regarding
joint stiffness, prior static tests have demonstrated that the component method tends to
underestimate the initial rotational stiffness due to bolt pretension effects [32], therefore this
aspect is not further discussed herein. Table 4 also shows that all specimens exhibited moment

overstrength factors (M, /M,) within the range of 1.1-1.2.

Table 4. Results of moment resistance

. M; rq M,
Specimen label M, (kNm) M, (kNm) M;Rrq i i
(kNm) y y
B355-C690-EP16 281.2 309.0 275.5 0.98 1.10
B355-C690-EP12 253.5 277.5 245.6 0.97 1.09
B355-C690-EPS8 169.2 192.2 152.5 0.90 1.14
B355-C690-EP16-WPZ 230.9 275.6 201.1 0.87 1.19
B355-C690-EP16-WCF 284.4 309.4 242.8 0.85 1.09
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The ultimate SDA (¢,) corresponding to the last amplitude to complete at least one full cycle
before the first occurrence of either bolt rupture or complete end-plate fracture [42], with failure
defined when either condition was observed, is summarized in Table 5. The plastic SDA (¢,) and
its components - the plastic rotations in the bolted end-plate connection (6, ,) and panel zone (y;)
- are also included. The residual plastic rotation (6, = ¢, — bep, — ¥p) TEpresents the contribution
from beam yielding, as the columns remained elastic throughout all tests. Cumulative plastic SDA
(Z¢p), connection rotation (X6,,), shear distortion (Xy,), and beam rotation (X6, ,) before the
failure criterion defined above reached were computed per ATC Guidelines [43], and are set out in
Table 5 as well. Additionally, the cumulative energy dissipation capacity was quantified through
four parameters [43]: total energy dissipation (A), connection energy dissipation (A.,), panel zone
energy dissipation (A,,), and the residual energy (A, = A — A, — Ap,) which similarly reflects
the energy dissipated through beam yielding, as shown in Table 5. The results in Table 5 are also
illustrated by Figure 10, showing contributions of the end-plate connection, panel zone, and beam
to the overall maximum plastic SDA (¢,), cumulative plastic SDA (Z¢,), and energy dissipation

(A), respectively.

Table 5. Results of rotation capacity and energy dissipation

Specimen o @p Opp Vp  bbp Zp TOpp Xy, by, A Ay Ap A
label (mrad)mradmrad)Ymrad)mrad)mradYmradYmrad)kJ) (kJ) (kJ) (kJ)

B355-C690- 5% 26 17 4 5 304 116 82 106 67.5 22.1 200 254
EP16

B355-C690- 5% 28 25 2 I 291 224 60 7 437 294 123 2
EP12

B355-C690- 4% 24 23 1 0 219 199 20 O 263 231 32 O
EP8

B355-C690- 7% 46 8 35 3 1044 203 772 69 225.637.3 172.715.6

EP16-WPZ

B355-C690- 5% 24 15 5 4 228 114 111 3 488 232 241 1.5

EP16-WCF

As evidenced in Table 5 and Figure 10, the cumulative damage effect under cyclic loading
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Figure 10. Contributions of joint components to plastic deformation and energy dissipation
capacities

leads to reduced plastic rotation capacity for connections with thinner end plates. Specimen
B355-C690-EP8 exhibited the lowest values of both ¢, and Xy, among all specimens,
demonstrating behavior distinctly different from its monotonic loading performance reported in
the authors’ previous study [32]. While specimen B355-C690-EP16 showed the largest ¢,
among the three specimens with varying end plate thicknesses, this should not be interpreted as
indicating that thicker end plates universally enhance cumulative plastic deformation capacity.

The parameter X¢, represents the total cumulative plastic rotation of the entire beam-joint
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system, incorporating contributions from all components. When examining specifically the
connection contribution (X6, ), the relationship with end plate thickness is not monotonic - the
maximum value (224 mrad) occurs at the intermediate thickness (12 mm), suggesting that both
excessively thick and thin end plates adversely affect the hysteretic energy dissipation capacity.
The relatively high Z¢, of the benchmark Specimen B355-C690-EP16 primarily resulted from
beam-end yielding (see Figure 8(a)), with its X6, contribution (= Z¢, — X0, — Xy, = 106
mrad) being significant. These observations are further corroborated by the cumulative energy
dissipation analysis.

The weak panel zone specimen (B355-C690-EP16-WPZ) demonstrated exceptional
performance, with X¢, exceeding 1 rad (A > 220 kJ), far surpassing other specimens. This
superior behavior stems primarily from its remarkable panel zone cumulative plastic deformation
(Xyp = 772 mrad, Ay, = 173 kJ), with no observed panel zone failure, confirming the outstanding
cumulative deformation and energy dissipation capacity of Q690 high-strength steel panel zones
[33, 34]. Interestingly, this specimen also exhibited significantly higher X6.,, (203 mrad)
compared to the benchmark specimen (116 mrad), indicating that panel zone plastic deformation
can actually enhance the rotation capacity of end-plate connections - a finding that contrasts
sharply with conventional wisdom regarding welded moment connections, where excessive panel
zone deformation typically compromises connection performance. This phenomenon likely
results from deformation compatibility between the end plate and panel zone, which alters the
boundary conditions and force distribution of the end plate in bending when idealized as
equivalent T-stubs.

The weak column flange specimen (B355-C690-EP16-WCF) achieved X¢, = 228 mrad
(A = 49 KJ), still lower than the benchmark specimen (304 mrad and 68 kJ). This reduction
primarily resulted from earlier failure of the former specimen, with its X6, , contribution (nearly
zero) being substantially less than the latter specimen (106 mrad), despite comparable connection

contributions (X6p, ~ 115 mrad, A, = 22-23 kJ for both). These results confirm that column
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flanges thinner than the end plate do adversely affect the cumulative plastic deformation and

energy dissipation capacity of the joint system.

4 Discussion

4.1 Rotation capacity of bolted end-plate connection

According to Eurocode 3 Part 1-8 [23], a joint with bolted end-plate connection may be
assumed to have sufficient rotation capacity (typically > 35 mrad) for plastic analysis, provided
that both of the following conditions are satisfied: 1) the moment resistance of the joint is
governed by the resistance of either the column flange or the end plate in bending, and 11) the
thickness, ¢, of either the column flange (#;.) or end plate (z.) — not necessarily the same

component as 1) — satisfies:

fu,b
Iy

where f,p and dy, are the tensile strength and diameter of the bolt, respectively; f, is the yield

t < tgesz = 0.364d,

(13)

strength of the relevant component in bending (i.e., the column flange, or end plate). Prior studies
[20, 21, 31, 32] have evidenced the applicability of Eq. (13) for high-strength steel end-plate
connections, despite it being too strict in some cases. Hence, the authors proposed the use of
the dimensionless parameter 5 (= M,/ (Bm), where My is the plastic moment resistance of the
equivalent T-stub flange, B is the tension resistance of a single bolt, and m is the distance between
the bolt axis and the plastic hinge location at the flange-to-web connection in the T-stub flange)
corresponding to the equivalent T-stub representing the first tension bolt row to meet 8 < S12 (B12
is the boundary between Mode 1 and Mode 2 failure [11]) for sufficient plastic rotation [32]. To
evaluate the above rotation capacity requirements, the ratio, tgc3/t, according to Eq. (13), as well
as 3 and f3,, are summarized in Table 6.

It should be noted that either Eq. (13) or the authors’ proposal of the use of 8 can only ensure

the rotation capacity under monotonic loading, but does not work well for connections under
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Table 6. Assessment of code specifications

Specimen label tec3/t B B2 hae/tae  Veprd  ¥plop  Zvp/Zep
<69€?  [Vipra
B355-C690-EP16 0.53 0.83 0.53 Yes 1.07 15% 27%
B355-C690-EP12 0.73 0.44 0.53 Yes 1.07 7% 21%
B355-C690-EPS8 1.13 0.18 0.53 Yes 0.90 4% 9%

B355-C690-EP16-WPZ 0.53 0.83 0.53 Yes 1.63 76% 74%
B355-C690-EP16-WCF  0.79 0.83 0.53 Yes 1.23 21% 49%

Note: tgc3/t, B and B, evaluate the Eurocode 3 Part 1-8 rotation-capacity criterion (Eq. (13))
and the authors’ proposed criterion, respectively; hyc/ty. < 69€ and Vypra/Vapra are the

Eurocode 3 Part 1-8 panel-zone stability check and the Eurocode 8 Part 1 panel-zone resistance

ratio, respectively; y,/¢, and Xy, /Z¢p, are the panel-zone contributions to the maximum and

cumulative plastic SDA.
cyclic loading. This is evident, since all specimens could not survive up to a plastic connection
rotation of 35 mrad (see 6, in Table 5), even including Specimen B355-C690-EP8 which is well
qualified as satisfying Eq. (13) or the limit of 5, (see Table 6). The cause is cumulative damage
under cyclic loading, resulting in early cracks followed by complete fracture of the end plate. The
best end-plate connection rotation capacity (6epp, = 25 mrad and X6,,, = 224 mrad by Specimen
B355-C690-EP-12, as shown in Table 5) corresponds to the specimen with the closest g value to
the limit (8,,, see Table 6), potentially indicating an optimal seismic design.

As per Eurocode 8 Part 1 [24], when beam-to-column joints in seismic-resistant steel moment
frames are designed as energy-dissipating zones, the rotation capacity of the plastic hinge region is
not less than 35 mrad for structures of DCH and 25 mrad of DCM, and this rotation capacity should
be ensured under cyclic loading without strength and stiffness degradation exceeding 20%. While
the plastic SDAs (¢,) of all specimens shown in Table 5 nearly satisfy the DCM requirement (25
mrad), the bolted end-plate connections, when considered individually, generally fail to meet this
criterion (see 6., in Table 5). Considering the inherent conservatism required for seismic design,
it is recommended to adopt the design concept of DCL (Ductility Class Low) for high-strength

steel bolted end-plate connections.
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4.2 Contribution of panel zone

It is generally recognized that panel zone (or column web panel) yielding can develop
substantial plastic rotation in joints. According to Eurocode 3 Part 1-8 [23], a joint whose design
moment resistance is governed by the design resistance of the panel zone in shear may be
assumed to have adequate rotation capacity for plastic analysis, provided that hy./fy. < 69e,
where hy./ty. is the slenderness of the column web panel and € = \/m It is easy to verify
that all specimens in Table 6 meet such criterion. Furthermore, as for seismic design, Eurocode 8
Part 1 [24] specifies that the column web panel shear resistance should conform to
Vapgd/ Vapra < 1.0 and the column web panel shear deformation should not contribute for more
than 30% of the plastic rotation capability, where Vg is the design shear force in the web panel
due to development of the plastic resistance of the adjacent dissipative zones in beams or
connections, and Vy,rq 1s the shear resistance of the web panel. Results of the ratio,
Vwp.Ed/ Vwprd, are set out in Table 6, as well as y,/¢, and Xy,/Z¢, demonstrating web panel
contributions to the total plastic SDA in terms of maximum and cumulative quantities,
respectively.

Clearly, only Specimen B355-C690-EPS satisfies the above rotation requirements by Eurocode
8 Part 1, while Specimens B355-C690-EP16, B355-C690-EP12 and B355-C690-EP16-WCF all
exhibit panel resistance ratios (Vypga/Vwpra) €xceeding 1.0, but their web panel contributions
to joint plastic rotation (y,/¢,) remain within 30%. However, the weak web panel specimen,
B355-C690-EP16-WPZ, which highly outperformed other specimens in terms of plastic rotation
and energy dissipation, is characterized with both much higher panel contribution (76% and 74%
in maximum and cumulative quantities, respectively) and resistance ratio (1.63) than the code
limits. This specimen is the only one that conforms to the ductility requirement (> 35 mrad) for
structures of DCH. The results are consistent with prior studies that recommended extending this
contribution to 50% [44] or found experimental contributions even more than 70% [22]. Therefore,

the current code requirement of Vi gq/Vipra < 1.0 is too conservative, and the code limit of 30%
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contribution of the web panel is too strict as well and it can be relaxed at least to 70%. It should be
borne in mind, however, that a large panel-zone shear deformation amplifies the second-order (P-
A) effects on the frame and reduces the post-earthquake reparability of the structure. Accordingly,
the above relaxation is recommended only on the condition that the panel-zone shear deformation
is explicitly considered in the structural analysis; when the panel-zone deformation is neglected in
a simplified analysis, the current code provisions should continue to apply.

In light of the superior inelastic deformation capacity of high-strength steel panel zones to be
exploited in seismic design, a mechanical model for hysteretic analysis is required to accurately
predict their shear stiffness, strength, and deformation capacity. Krawinkler [45] proposed a
trilinear model (hereafter referred to the Krawinkler model) characterized by the elastic shear
stiffness, K., up to the yield shear strength, Vy, followed by a post-yield hardening branch with

the stiffness, K,, up to a shear strength, V;, at a shear distortion y, = 4y, = 4V, /K.,

K. = 0.95h.t,,G (14)

V, = {go.%hctpz (15)

~ 1.15b. 1z, 16

P oty (16
KP

Vo=Vy|1+352 (17)

where G is the steel shear modulus of the panel zone. The post-y, stiffness is suggested as E/E
times the elastic stiffness, K., in which E is the elastic modulus and Ej is the strain-hardening
modulus of the steel [46]. For convenience, E can be taken as the slope between the end of yield
plateau and the tensile strength point [19]. Skiadopoulos et al. [47] proposed another panel zone
model to explicitly account for the effects of the panel zone aspect ratio, column flange width, and

column flange thickness. Their model is also trilinear featuring three characteristic points at yy,
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s yp = 4yy, and 6y,. The elastic shear stiffness, K., and shear strength, Vy, evaluated at vy, are,

K. K,
. = 18
K, + K, (18)
K, = (he — 1) tsz (19)

12E1.
p = (20)

hb
Jye

Vy = “=ay (he — tie) ty, 1)

w2 where I, denotes the moment of inertia of the column cross section; a, equals 0.9 and 1.0 for
ss slender (K;/K. < 0.02) and stocky (K¢/K. > 0.07) panel zones, respectively. Note that K; denotes

s the column flange stiffness, evaluated by,

KK
K= 1 (22)
Kt + Kor
K = 2ttcb.G (23)
2Eb.t.
Ky = (24)
/’l2
b
s For moderate panel zones with K¢/ K. ranging from 0.02-0.07, ay is evaluated by,
0.58 (K¢/K. + 0.88)
= 25
“ 1= Ki/K. 2
«s  The shear strength, V,,, at both y, (: 4yy) and 6y, is evaluated by a unified expression,
_h
sz - T = [aw,eff (hc - tfc) tpz + Ay eff (bc - tpz) 2tfc:| (26)

V3

w7 where ayp equals 1.1 and 1.15 at y, and 6y,, respectively; as.r equals 0.02, 0.1, and
ss 0.93(K¢/K.) + 0.015 at y, for slender panel zones, stocky panel zones, and other general cases,

w0 respectively, while it equals 0.03, 0.1, and 1.05 (K;/K.) + 0.02 at 6y, for slender panel zones,
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stocky panel zones, and other general cases, respectively. It should be noted that, the effect of
column axial loads (P) on the shear strength of the panel zone can be included by multiplying the

shear strength with a reduction factor, p, defined by von Mises yield criterion as,

2
S

The aforementioned models by Krawinkler [45] and Skiadopoulos et al. [47] are evaluated by
three connection specimens with weak panel zones, i.e., B355-C690-EP16-WPZ in this study
along with specimens B355-C690-PZ8b [33] and B690-C690-PZ12c [34] in prior tests by the
authors. The shear force versus shear distortion (V,,—y) curves corresponding to the panel zones
in the three specimens are shown in Figure 11, in which the test hysteretic response is compared
with the predicted envelope curves based on both models. Interestingly, the comparisons highlight
that, despite the more complexity in the model by Skiadopoulos et al. [47] to account for panel
zone slenderness, the Krawinkler model generally outperforms Skiadopoulos et al. [47]” model. In
particular, the model by Skiadopoulos et al. [47] tends to underestimate shear strength, while the
elastic stiffnesses by two models are quite similar and both accurate. Note that, the panel zones are
slender (K¢/ K. equals 0.025, 0.009, and 0.019 for the three specimens, respectively) according to
the classification by Skiadopoulos et al. [47]. It is thus recommended that the Krawinkler model be
used for inelastic seismic analysis of moment frames with high-strength steel panel zones, unless
further evidence can be provided for improvement. Besides, a maximum plastic distortion capacity
of 0.04 rad is suggested for the deformation limit, considering that Specimen B355-C690-PZ8b is
the only specimen that underwent panel zone fracture after this plastic distortion [33]. It is further
noted that the tested connections were subjected to a column axial load ratio of 0.3, which reduces
the panel-zone shear resistance through the von Mises reduction factor p (Eq. (27)); the fact that
the panel zone still developed its full, stable deformation and energy dissipation capacity under

this axial load further supports the recommendation of exploiting the high-strength steel panel
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zone in seismic design.
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Figure 11. Assessment of panel zone models
463
464 5 Conclusions
465 This paper reports on an experimental investigation into the cyclic response of grade Q690

w6 high-strength steel extended end-plate beam-to-column connections. A set of five one-sided joint
w7 specimens was tested, whose experimental results were extracted and analyzed comprehensively

s to verify current code provisions on rotation capacity. The study yields the following conclusions:
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Q690 high-strength steel extended end-plate connections exhibit limited plastic rotation and
energy dissipation capacity under cyclic loading, with maximum plastic rotations between 15—
25 mrad. Thus, DCL (Ductility Class Low) may have to be enforced in seismic design by
Eurocode 8 in cases that bolted end plates are energy-dissipating components. The results
also suggest the existence of an optimal bolted end-plate design (for the equivalent T-stub
representing the first tension bolt row) that maximizes cumulative plastic rotation and energy
dissipation, which, if expressed by the dimensionless parameter § = 2M,/ (Bm), lies close
to the boundary between Mode 1 (end-plate yielding followed by fracture) and Mode 2 (bolt
rupture) failure; this optimum, however, requires confirmation through a broader experimental
and numerical parametric study.

Q690 high-strength steel panel zones demonstrate stable and superior plastic deformation
capacity, achieving maximum plastic shear distortions up to 35 mrad under cyclic loading.
This indicates that DCH (Ductility Class High) can be employed in seismic design, if panel
zones are designed as energy-dissipating components. The contribution of panel zone
deformation to the total joint plastic rotation can be safely increased to 70%, exceeding the
conventional 30% limit specified in Eurocode 8. This relaxation, which is supported by the
present test together with prior evidence [33, 34], is proposed on the condition that the
panel-zone shear deformation is explicitly considered in the structural analysis and that the
associated P-A effects and the reduced post-earthquake reparability are duly accounted for; a
broader parametric confirmation is still required.

Thinner column flanges relative to the end-plate thickness may lead to premature connection
failure and adversely affect the cumulative plastic rotation and energy dissipation capacity.
For connections using matching steel grades and equipped with continuity plates, it is
recommended to maintain the Chinese design requirement stipulating that the column flange
thickness should not be less than the end-plate thickness.

The design moment resistance of Q690 high-strength steel extended end-plate connections
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under cyclic loading can still be reliably determined using the component method formulas in
Eurocode 3 Part 1-8. Experimental evidence indicates that the ultimate moment capacity
typically ranges between 1.1-1.2 times the yield moment resistance, providing consistent
overstrength factors for seismic design applications. The Krawinkler model is recommended

for inelastic seismic analysis of Q690 high-strength steel panel zones.

Finally, the limitations of the present study should be acknowledged. The conclusions are
drawn from five cyclic tests on a single connection configuration and therefore demonstrate the
behavior of the tested specimens and identify clear, physically-based trends, but they do not yet
constitute broadly applicable design rules. In particular, the proposed relaxation of the panel-zone
contribution limit and the suggested optimal end-plate design require confirmation through a larger
experimental database and through a validated finite-element model that can reproduce the fracture
of the end plate and bolts, together with a comprehensive parametric study. The development of

such a fracture-capable model is the subject of ongoing and future work.

Acknowledgements

The authors would like to acknowledge the financial supports for this work by the National
Natural Science Foundation of China (Grant Nos. 51638009, 52108145, 52478521), Guangdong
Basic and Applied Basic Research Foundation (Grant No. 2023A1515010047), Guangzhou Basic
and Applied Basic Research Foundation (Grant No. 2024A04J9932), State Key Laboratory of
Subtropical Building and Urban Science (Grant No. 2023ZB12) and the Fundamental Research

Funds for the Central Universities (Grant No. 2023ZYGXZR098).

References

[1] H.-P. Giinther, Use and Application of High-Performance Steels for Steel Structures, International Association
for Bridge and Structural Engineering (IABSE), Ziirich, Switzerland, 2005.
[2] Y. Fukumoto, New constructional steels and structural stability, Engineering Structures 18 (1996) 786-791.

doichttps://doi.org/10.1016/0141-0296 (96)00008-9.
34


http://dx.doi.org/https://doi.org/10.1016/0141-0296(96)00008-9

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

[14]

R. Bjorhovde, Development and use of high performance steel, Journal of Constructional Steel Research 60
(2004) 393-400. doi:https://doi.org/10.1016/S0143-974X(03)00118-4.

G. Shi, F. Hu, Y. Shi, Recent research advances of high strength steel structures and codification of design
specification in China, International Journal of Steel Structures 14 (2014) 873-887. doichttps://doi.org/
10.1007/s13296-014-1218-7.

H. Ban, G. Shi, A review of research on high-strength steel structures, Proceedings of the Institution of
Civil Engineers - Structures and Buildings 171 (2018) 625-641. doi:https://doi.org/10.1680/jstbu.16.
00197.

T. V. Galambos, J. F. Hajjar, C. J. Earls, J. L. Gross, Required properties of high-performance steels, Report
No. NISTIR 6004, Building and Fire Research Laboratory, National Institute of Standards and Technology,
Gaithersburg, MD, USA, 2000.

C. Faella, V. Piluso, G. Rizzano, Structural Steel Semirigid Connections: Theory, Design and Software, CRC
Press, Boca Raton, Florida, USA, 2000.

R. Bjorhovde, Performance and design issues for high strength steel in structures, Advances in Structural
Engineering 13 (2010) 403—411. doi:https://doi.org/10.1260/1369-4332.13.3.403.

H. Ban, G. Shi, Y. Shi, Y. Wang, Research progress on the mechanical property of high strength structural steels,
Advanced Materials Research 250-253 (2011) 640-648. doi:https://doi.org/10.4028/www.scientific.
net/AMR.250-253.640.

K. H. L. Yip, G. C. Clifton, S. Ramhormozian, A study of research achievements and challenges on the
application of HSS endplates in seismic resisting systems, in: New Zealand Society for Earthquake Engineering
(Ed.), Proceedings of the 2020 New Zealand Society for Earthquake Engineering Annual Technical Conference,
New Zealand Society for Earthquake Engineering, Wellington, New Zealand, 2020, p. Paper 27.

T. Lin, Z. Wang, F. Hu, W. Hou, Comparison in tensile behaviour of conventional and high-strength steel
welded-plate preloaded T-stubs, Structures 43 (2022) 93—-104. doi:https://doi.org/10.1016/j.istruc.
2022.06.039.

F. Hu, T. Lin, Z. Wang, Hysteretic energy dissipation capacity of dual-steel welded-plate preloaded bolted
T-stubs, Thin-Walled Structures 193 (2023) 111252. doi:https://doi.org/10.1016/j.tws.2023.111252.
S. A. Mahin, Lessons from damage to steel buildings during the Northridge earthquake, Engineering Structures
20 (1998) 261-270. doichttps://doi.org/10.1016/S0141-0296 (97)00032-1.

M. Nakashima, K. Inoue, M. Tada, Classification of damage to steel buildings observed in the 1995

Hyogoken-Nanbu earthquake, Engineering Structures 20 (1998) 271-281. doihttps://doi.org/10.1016/

35


http://dx.doi.org/https://doi.org/10.1016/S0143-974X(03)00118-4
http://dx.doi.org/https://doi.org/10.1007/s13296-014-1218-7
http://dx.doi.org/https://doi.org/10.1007/s13296-014-1218-7
http://dx.doi.org/https://doi.org/10.1007/s13296-014-1218-7
http://dx.doi.org/https://doi.org/10.1680/jstbu.16.00197
http://dx.doi.org/https://doi.org/10.1680/jstbu.16.00197
http://dx.doi.org/https://doi.org/10.1680/jstbu.16.00197
http://dx.doi.org/https://doi.org/10.1260/1369-4332.13.3.403
http://dx.doi.org/https://doi.org/10.4028/www.scientific.net/AMR.250-253.640
http://dx.doi.org/https://doi.org/10.4028/www.scientific.net/AMR.250-253.640
http://dx.doi.org/https://doi.org/10.4028/www.scientific.net/AMR.250-253.640
http://dx.doi.org/https://doi.org/10.1016/j.istruc.2022.06.039
http://dx.doi.org/https://doi.org/10.1016/j.istruc.2022.06.039
http://dx.doi.org/https://doi.org/10.1016/j.istruc.2022.06.039
http://dx.doi.org/https://doi.org/10.1016/j.tws.2023.111252
http://dx.doi.org/https://doi.org/10.1016/S0141-0296(97)00032-1
http://dx.doi.org/https://doi.org/10.1016/S0141-0296(97)00019-9
http://dx.doi.org/https://doi.org/10.1016/S0141-0296(97)00019-9
http://dx.doi.org/https://doi.org/10.1016/S0141-0296(97)00019-9

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

[15]

[16]

(17]

(18]

[19]

[20]

(21]
[22]

(23]

[24]

[25]

[26]

50141-0296(97)00019-9.

F. Hu, G. Shi, Constitutive model for full-range cyclic behavior of high strength steels without yield
plateau, Construction and Building Materials 162 (2018) 596-607. doi:https://doi.org/10.1016/j.
conbuildmat.2017.11.128.

F. Hu, G. Shi, Y. Shi, Constitutive model for full-range elasto-plastic behavior of structural steels with yield
plateau: Formulation and implementation, Engineering Structures 171 (2018) 1059-1070. doi:http://dx.
doi.org/10.1016/j.engstruct.2016.02.037.

F. Hu, G. Shi, Y. Shi, Constitutive model for full-range elasto-plastic behavior of structural steels with yield
plateau: Calibration and validation, Engineering Structures 118 (2016) 210-227. doi:http://dx.doi.org/
10.1016/j.engstruct.2016.03.060.

F. Hu, G. Shi, Y. Shi, Experimental study on seismic behavior of high strength steel frames: Global response,
Engineering Structures 131 (2017) 163-179. doithttps://doi.org/10.1016/j.engstruct.2016.11.013.
F. Hu, G. Shi, Experimental study on seismic behavior of high strength steel frames: Local response,
Engineering Structures 229 (2021) 111620. doi:https://doi.org/10.1016/j.engstruct.2020.111620.
A. M. Girdo Coelho, F. S. K. Bijlaard, Experimental behaviour of high strength steel end-plate connections,
Journal of Constructional Steel Research 63 (2007) 1228-1240. doi:https://doi.org/10.1016/j. jcsr.
2006.11.010.

A. M. Girdo Coelho, F. S. K. Bijlaard, Behaviour of high strength steel moment joints, Heron 5 (2010) 1-32.
D. Dubina, A. Stratan, N. Muntean, F. Dinu, Experimental program for evaluation of moment beam-to-column
joints of high strength steel components, in: R. Bjorhovde, F. S. K. Bijlaard, L. F. Geschwindner (Eds.),
Proceedings of the Sixth International Workshop on Connections in Steel Structures, American Institute of Steel
Construction, Chicago, Illinois, USA, 2008, pp. 355-366.

European Committee for Standardization (CEN), Eurocode 3: Design of steel structures - Part 1-8: Design of
joints. EN 1993-1-8:2005, British Standards Institution (BSI), London, UK, 2005.

European Committee for Standardization (CEN), Eurocode 8: Design of structures for earthquake resistance
- Part 1: General rules, seismic actions and rules for buildings. EN 1998-1:2004, British Standards Institution
(BSI), London, UK, 2004.

F. F. Sun, X. Y. Xue, H. J. Jin, M. Sun, Z. M. Tang, Y. Xiao, G. Q. Li, Hysteretic behavior and simplified
simulation method of high-strength steel end-plate connections under cyclic loading, Journal of Constructional
Steel Research 158 (2019) 429-442. doi:https://doi.org/10.1016/j.jcsr.2019.03.014.

G. Liang, Z. Lu, H. Guo, Y. Liu, D. Yang, S. Li, X. Pan, Experimental and numerical investigation on seismic

36


http://dx.doi.org/https://doi.org/10.1016/S0141-0296(97)00019-9
http://dx.doi.org/https://doi.org/10.1016/S0141-0296(97)00019-9
http://dx.doi.org/https://doi.org/10.1016/j.conbuildmat.2017.11.128
http://dx.doi.org/https://doi.org/10.1016/j.conbuildmat.2017.11.128
http://dx.doi.org/https://doi.org/10.1016/j.conbuildmat.2017.11.128
http://dx.doi.org/http://dx.doi.org/10.1016/j.engstruct.2016.02.037
http://dx.doi.org/http://dx.doi.org/10.1016/j.engstruct.2016.02.037
http://dx.doi.org/http://dx.doi.org/10.1016/j.engstruct.2016.02.037
http://dx.doi.org/http://dx.doi.org/10.1016/j.engstruct.2016.03.060
http://dx.doi.org/http://dx.doi.org/10.1016/j.engstruct.2016.03.060
http://dx.doi.org/http://dx.doi.org/10.1016/j.engstruct.2016.03.060
http://dx.doi.org/https://doi.org/10.1016/j.engstruct.2016.11.013
http://dx.doi.org/https://doi.org/10.1016/j.engstruct.2020.111620
http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2006.11.010
http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2006.11.010
http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2006.11.010
http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2019.03.014

582

583

584

585

586

587

588

589

590

591

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

[27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

(35]

(36]

(37]

(38]

performance of extended stiffened end-plate joints with reduced beam section using high strength steel, Thin-
Walled Structures 169 (2021) 108434. doi:https://doi.org/10.1016/j.tws.2021.108434.

R. Landolfo, European seismic prequalification of steel beam-to-column joints: EQUALJOINTS and
EQUALJOINTS-Plus projects, Journal of Constructional Steel Research 192 (2022) 107238. doi:https:
//doi.org/10.1016/j.jcsr.2022.107238.

M. D’Aniello, R. Tartaglia, R. Landolfo, J.-P. Jaspart, J.-F. Demonceau, Seismic pre-qualification tests of
EC8-compliant external extended stiffened end-plate beam-to-column joints, Engineering Structures 293 (2023)
116386. doi:https://doi.org/10.1016/j.engstruct.2023.116386.

R. Tartaglia, M. D’ Aniello, J.-F. Demonceau, R. Landolfo, Seismic design and testing of EC8-1-2-compliant
unstiffened end-plate beam-to-column joints, Journal of Constructional Steel Research 228 (2025) 109916.
doi:https://doi.org/10.1016/j.jcsr.2025.109916.

R. Landolfo, M. D’ Aniello, S. Safaei, R. Tartaglia, L. Di Sarno, A. Le Maoult, G. Rastiello, Shake-table tests on
steel moment-resisting frames with detachable yielding zones, Earthquake Engineering & Structural Dynamics
53 (2024) 3133-3158. doi:https://doi.org/10.1002/eqe.4197.

A. M. Girdo Coelho, Characterization of the ductility of bolted end plate beam-to-column steel connections,
Ph.D. thesis, University of Coimbra, Coimbra, Portugal, 2004.

F. Hu, W. Hou, Z. Wang, Monotonic behavior of high-strength steel unstiffened extended end-plate moment
connections, Structures 91 (2026) 112525. doi:https://doi.org/10.1016/j.istruc.2026.112525.

F. Hu, Z. Wang, Cyclic behavior of dual-steel beam-to-column welded flange-bolted web connections, Thin-
Walled Structures 195 (2024) 111452. doi:https://doi.org/10.1016/j.tws.2023.111452.

F. Hu, Z. Wang, Cyclic behavior of high-strength steel beam-to-column welded flange-bolted web connections,
Thin-Walled Structures 201, Part B (2024) 111999. doihttps://doi.org/10.1016/j.tws.2024.111999.
Ministry of Housing and Urban-Rural Development of the People’s Republic of China (MOHURD), Standard for
design of steel structures. GB 50017-2017, China Building Industry Press, Beijing, China, 2018. (in Chinese).
European Committee for Standardization (CEN), Eurocode 3: Design of steel structures - Part 1-1: General
rules and rules for buildings. EN 1993-1-1:2005, British Standards Institution (BSI), London, UK, 2005.
Ministry of Housing and Urban-Rural Development of the People’s Republic of China (MOHURD), Technical
specification for high strength bolt connections of steel structures. JGJ 82-2011, China Building Industry Press,
Beijing, China, 2011. (in Chinese).

American Institute of Steel Construction (AISC), Seismic Provisions for Structural Steel Buildings. ANSI/AISC

341-22, American Institute of Steel Construction, Chicago, Illinois, USA, 2022.

37


http://dx.doi.org/https://doi.org/10.1016/j.tws.2021.108434
http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2022.107238
http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2022.107238
http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2022.107238
http://dx.doi.org/https://doi.org/10.1016/j.engstruct.2023.116386
http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2025.109916
http://dx.doi.org/https://doi.org/10.1002/eqe.4197
http://dx.doi.org/https://doi.org/10.1016/j.istruc.2026.112525
http://dx.doi.org/https://doi.org/10.1016/j.tws.2023.111452
http://dx.doi.org/https://doi.org/10.1016/j.tws.2024.111999

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

[39]

[40]

(41]

[42]

[43]

[44]

[45]

[46]

[47]

G. Shi, H. Fan, Y. Bai, F. Yuan, Y. jiu Shi, Y. qing Wang, Improved measure of beam-to-column joint rotation in
steel frames, Journal of Constructional Steel Research 70 (2012) 298-307. doi:https://doi.org/10.1016/
j.jesr.2011.07.012.

H. Krawinkler, A. Gupta, R. Medina, N. Luco, Loading histories for seismic performance testing of SMRF
components and assemblies, Report No. SAC/BD-00/10, SAC Joint Venture, Richmond, California, USA, 2000.
European Convention for Constructional Steelwork (ECCS), Recommended Testing Procedure for Assessing
the Behavior of Structural Steel Elements under Cyclic Loads. ECCS TWG 1.3 N. 45, European Convention for
Constructional Steelwork, Brussels, Belgium, 2005.

SAC Joint Venture, State of the Art Report on Connection Performance, FEMA-355D, Federal Emergency
Management Agency, Washington, D.C., USA, 2000.

Applied Technology Council (ATC), Guidelines for cyclic seismic testing of components of steel structures.
ATC-24, Applied Technology Council, Redwood City, California, USA, 1992.

L.-W. Lu, J. M. Ricles, C. Mao, J. W. Fisher, Critical issues in achieving ductile behaviour of welded moment
connections, Journal of Constructional Steel Research 55 (2000) 325-341. doichttps://doi.org/10.1016/
50143-974X(99)00092-9.

H. Krawinkler, Shear in beam-column joints in seismic design of steel frames, AISC Engineering Journal 15
(1978) 82-91. doi:https://doi.org/10.62913/engj.v15i3.318

H. Krawinkler, V. V. Bertero, E. P. Popov, Shear behavior of steel frame joints, ASCE Journal of the Structural
Division 101 (1975) 2317-2336. doichttps://doi.org/10.1061/JSDEAG.0004206.

A. Skiadopoulos, A. Elkady, D. G. Lignos, Proposed panel zone model for seismic design of steel moment-
resisting frames, ASCE Journal of Structural Engineering 147 (2021) 04021006. doi:https://doi.org/10.

1061/ (ASCE)ST.1943-541X.0002935.

38


http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2011.07.012
http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2011.07.012
http://dx.doi.org/https://doi.org/10.1016/j.jcsr.2011.07.012
http://dx.doi.org/https://doi.org/10.1016/S0143-974X(99)00092-9
http://dx.doi.org/https://doi.org/10.1016/S0143-974X(99)00092-9
http://dx.doi.org/https://doi.org/10.1016/S0143-974X(99)00092-9
http://dx.doi.org/https://doi.org/10.62913/engj.v15i3.318
http://dx.doi.org/https://doi.org/10.1061/JSDEAG.0004206
http://dx.doi.org/https://doi.org/10.1061/(ASCE)ST.1943-541X.0002935
http://dx.doi.org/https://doi.org/10.1061/(ASCE)ST.1943-541X.0002935
http://dx.doi.org/https://doi.org/10.1061/(ASCE)ST.1943-541X.0002935

	Introduction
	Test program
	Design of specimens
	Material properties
	Test setup
	Loading protocol
	Instrumentation

	Test results
	Test observations and failure modes
	Hysteresis and backbone curves
	Mechanical indices

	Discussion
	Rotation capacity of bolted end-plate connection
	Contribution of panel zone

	Conclusions

