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Abstract
Traditional steel structure joints are prone to brittle failure under seismic excitation, and it is difficult to precisely control the 
location of the resulting plastic hinge or repair these joints after an earthquake. Therefore, based on the energy dissipation 
principle of the friction pendulum isolation bearing and automobile braking device, a low-cost friction-based plastic hinge 
(PH) joint is proposed to provide predictable energy dissipation and realize quickly repairable structures. The proposed PH 
was analysed theoretically, and five half-scale specimens using different bolt and friction materials were tested using cyclic 
reversing load. The test results showed that models PH-1 and PH-2 with Grade 4.8 and 8.8 limiting bolts, respectively, both 
provided a plastic rotation angle greater than 0.03 rad, exhibited experimental moment capacities of 0.91 and 0.93 times 
their theoretical capacities, and exhibited ductility coefficients of 2.75 and 3.14, respectively. It was found that high-strength 
limiting bolts were unsuitable as they damaged difficult-to-replace PH components. The selected PH configuration experi-
enced damage to only the limiting bolts and friction plates and exhibited good plastic deformation capacity and hysteretic 
energy dissipation performance that met the plastic rotation, ductility, and friction energy dissipation requirements. Thus, 
the proposed PH can be used to improve the seismic performance of beam-to-column joints and the frames they form.

Keywords Friction energy dissipation · Plastic hinge · Mechanical properties · Seismic performance · Ductility

1 Introduction

Ever since large area brittle failures of beam-to-column 
joints were observed following the 1994 Northridge earth-
quake in California, USA, and the 1995 Kobe earthquake 
in Japan, many scholars have conducted experimental and 
theoretical studies on the seismic and ductile properties 
of beam-to-column joints in steel structures [1–6]. The 
results of these studies indicate that an effective way to 
prevent the brittle failure of beam-to-column joints is to 
move the plastic hinges out of the columns. At present, the 

main form of realizing such plastic hinge displacement is 
to strengthen the end of the beam or to weaken a section 
of the beam; that is, to relatively strengthen the beam-to-
column joint so that the hinge forms in the beam and not 
the joint. Marante et al. [7] and others [8, 9] analysed the 
seismic behaviour of plastic hinges in a frame structure to 
derive a theory describing the formation of plastic hinges. 
It has been determined through cyclic loading tests that the 
load capacity, stiffness, and hysteretic energy dissipation 
of steel frames were improved when using steel beam-
reinforced joints, which moved the plastic hinge out of 
the column [6, 10, 11]. Oh et al. [12] evaluated the seis-
mic behaviour of a basic weak-axis column-tree connec-
tion frequently used in steel moment-resisting frames in 
Korea. Lee and Yoo [13] and Lee et al. [14] showed that 
the flanges of beams have little effect on the development 
of the post-buckling strength of the web panels, and that 
the shear resistance of the flanges is the main cause of the 
small difference in the shear capacities of beams rather 
than the flexural rigidity of the flanges. Research into 
the plastic hinges of steel structures conducted in China 
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weakened or strengthened the sections of a steel beam so 
that the plastic hinge moved out from the column body 
during a strong earthquake, preventing the brittle failure 
of the structure [15–19]. Llanes-Tizoc et al. [20] and oth-
ers [21, 22] studied the ductility of different steel structure 
components and explored the influence of ductility on the 
overall seismic performance of the structure. It has also 
been observed that specimens with strong columns and 
weak beams can better engage the plastic load capacity 
of the beam and form a beam hinge failure mechanism, 
so that they exhibit large deformation and energy dissipa-
tion capacities; that is, good seismic performance [23–25]. 
Kanyilmaz et al. [26–28] and Dougka et al. [29] applied 
the concept of seismic fuse to beam-to-column joints to 
solve the above problems. The fuses system takes into 
account the strength, stiffness, and ductility of the joints. 
It is easy to repair or replace after the earthquake.

Although current relevant research has effectively 
achieved the relocation of the plastic hinge outside of the 
column to sufficiently ensure the integrity of beam-to-col-
umn joints, it remains difficult to control energy dissipation 
during an earthquake and the resulting irreparable damage 
to frame structures. Therefore, based on the current state of 
research into the plastic hinges of steel structures, this paper 
proposes a novel friction-based plastic hinge (PH) joint and 
evaluates its ability to improve the ductility of the structure 
that contains it, realizing the precise control of structural 
energy dissipation and achieving the seismic performance 
target of being “large earthquake repairable”. Accordingly, 
the failure mode, ultimate load capacity, joint ductility, hys-
teresis, and other mechanical properties of five variants of 
the proposed novel friction-based PH joint were studied at 
half-scale with the results presented in this paper.

2  Materials and Methods

2.1  Design Principle

A novel friction-based PH joint was designed based on the 
energy dissipation principle of the friction pendulum isola-
tion bearing and automobile brake device [30, 31] that can 
be widely applied to steel truss and steel frame structures. 
When minor and moderate earthquakes occur, the plastic 
hinge joint remains in the elastic range of the member and 
acts as a rigid joint. When a major earthquake occurs, some 
members of the structure will lose their ability to carry load 
due to shear failure, leading to the emergence of a lateral 
displacement angle between frame stories. At this time, the 
PH joints will transition from rigid connections to semi-rigid 

connections and dissipate friction energy as a result of the 
relative rotation between connected members.

2.2  Model Construction

The proposed PH joint consists of a rotating element, a fixed 
element, and a connection energy dissipation unit. The basic 
structure of the proposed PH joint is shown in Fig. 1a [32]. 
The rotating element mainly consists of a steel beam, a circu-
lar arc sealing plate welded to a single connection plate (which 
can be sandblasted), and bolt holes, as shown in Fig. 1b. The 
fixed element mainly consists of a steel beam, circular tube 
sealing plate, and limiting strips, as shown in Fig. 1c. The 
connection energy dissipation unit mainly consists of double 
connection plates, double friction plates, a loading rotary bolt, 
and limiting bolts, as shown in Fig. 1d–f. In this design, the 
circular arc sealing plate and circular tube sealing plate are, 
respectively, welded to the steel beams on the left and right 
sides. The limiting strips are uniformly arranged around the 
inside of the circular tube sealing plate (with a groove for the 
single connection plate in the centre of the connection) to pre-
vent rotation of the double connection plates, as can be seen in 
Fig. 1c. The double friction plates are set on the insides of the 
double connection plates and are compressed by the loading 
rotary bolt. The limiting bolts provide the initial strength and 
serve as the main energy consuming components, as shown 
in Fig. 1e. As can be seen in Fig. 1d, f, the double connection 
plates and friction plates are similar in structure, and both are 
equipped with limiting grooves and bolt holes matching those 
on the circular tube sealing plate.

2.3  Theoretical Analysis

The proposed friction-based PH joint was applied to a struc-
tural system according to its working principle based on the 
study of the lateral stiffness of steel frame structures [33, 
34]. The PH was arranged in the structural system such 
that the sections of the columns connected to the beams 
and the beams connected to the PH could be considered 
rigid domains. The friction-based PH was designed to 
apply a prestress to the double connection plates via the 
loading rotary bolt to ensure that the joint acts using two 
friction plates but only a single connection plate. When the 
structure is subjected to horizontal and vertical loads, the 
lateral displacement of the column under horizontal loads 
changes from elastic deformation to plastic deformation and 
the accompanying rotation dissipates energy in the form of 
friction in the PH. In this section, the elastic limit of rotation 
and associated yield moment of the PH are derived, and the 
friction energy dissipation of the PH is quantified based on 
its parameters.
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2.3.1  Inter‑storey Drift Angle Theory

According to the principle of superposition, when a struc-
tural system is subjected to a horizontal load Fi and vertical 
uniformly distributed load q, an inter-storey drift angle, θ1, 
occurs in the structure, as shown in Fig. 2. As the struc-
tural system displaces sideways under Fi, the end of the steel 
beam will bend at an angle relative to the column verti-
cal direction, the horizontal lateral stiffness of the structure 
will decrease, and the beam segments on each side of the 
PH joint will rotate around the loading rotary bolt. In this 
study, the relative rotation angle θ2 at the beam-to-column 
connection end is used in place of inter-storey drift angle θ1 
and can be approximately expressed as the ratio of the beam 

end displacement to the beam length, based on Fig. 2, and 
is given by:

where L2 and L3 are the distance (beam length) from the free 
end of the beam to the rotation point and the displacement 
of the free end of the beam, respectively.

2.3.2  Calculation of Load Capacity of PH Joint Domain

Using H-shaped beam components in these experiments, 
based on the plastic properties of the steel material and the 
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L3

L2

Fig. 1  Proposed novel friction-
based plastic hinge (PH) joint 
(units in mm): a the assembled 
PH; b rotating element; c fixed 
element; d double connection 
plates; e position of the friction 
plates in the double connection 
plates; f friction plates
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analysis of the yield conditions, when the beam end angle θ2 
is greater than the elastic limit of rotation of the PH joint [θ], 
some members of the PH joint will exhibit plastic deforma-
tion: limit bolts will cut out slots as they rotate around the 
loading rotary bolt, and friction will occur at the interface 
between the two friction plates and the single connection 
plate due to the relative rotation θ2 indicated in Fig. 2.

According to the shear action of the bolts, the shear stress 
is uniformly distributed on the surface of the bolts, so the 
design capacity of a single ordinary bolt is determined by 
first calculating its design shear capacity as:

where nv is the number of shear planes on the bolt, d is the 
diameter of the bolt, and f b

v
 is the shear strength of the bolt 

material.
Then, the bearing capacity of the bolt is calculated using:

where ∑t is the sum of the bearing thicknesses in each force 
direction and f b

c
 is the bearing strength of the bolt material.

Finally, the smaller of Eqs. (2) and (3) is selected as the 
capacity of the bolt as follows:

If the integrity of the bolt hole wall of the connection 
plate is to be ensured, the design bearing capacity of the 
component should be greater than the design shear capacity, 
that is, Nb

c
> Nb

v
.

The bending moment of the beam section in the elastic 
limit state controls as it is less than the bending moment 

(2)Nb
v
= nv

�d2

4
f b
v
,

(3)Nb
c
= d

∑

tf b
c
,

(4)Nb
min

=
(

Nb
v
,Nb

c

)

min
.

at the welded beam-to-column joint and can be determined 
as follows:

where Wnx is the net section modulus of the beam around 
the horizontal axis and fy is the yield strength of the steel at 
normal temperature.

When the external load on the H-beam’s free end is 
Q, the yield moment Ma of the PH joint and the bending 
moment Mb acting on the joint are, respectively:

and

where r3 is the distance between the limiting bolts and the 
loading rotary bolt and L0 is the distance between the free 
end of the beam and the PH joint.

When Ma > Mb , the limiting bolts are not sheared and 
the PH joint acts as a rigid joint, otherwise the limiting 
bolts fail in plastic shear and the PH joint acts a semi-rigid 
joint. Notably, the yield moment of the PH joint is smaller 
than the yield moment My of the full section of the beam, 
as shown in Fig. 3.

2.3.3  Friction Energy Dissipation Analysis of the PH Joint

When the proposed friction-based PH joint rotation angle 
is θ and � > �2 ≥ [�] , the limiting bolts are sheared, and 
the friction energy dissipation performance analysis of the 
node can be calculated as follows.

(5)My = Wnxfy,

(6)Ma = 4Nb
min

r3

(7)Mb = QL0,
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Fig. 2  Inter-storey drift angle and relative rotation angle
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Fig. 3  Mechanical model of the PH joint
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For the loading rotary bolt, the clamping force between 
the connection plates is controlled by the torque tightening 
method, in which the required torque M is calculated by:

where Kt is the tightening force coefficient, F is the applied 
pre-tightening force, and d is the diameter of the bolt being 
tightened (in this case, the loading rotary bolt). Thus, the 
pre-tightening force can be calculated as:

The normal force P between the two friction plates and 
the single connection plate is then determined by:

where A is the area of contact between the two friction plates 
and the connection plate. So, the friction force between the 
friction and connection plates is:

where μ is the friction coefficient of the material, r is the 
friction plate radius, θ is the relative rotation angle of 
between single connecting plate and circular tube sealing 
plate, [θ] is the critical corner value of elasticity, and α is 
the friction surface influence coefficient (the test-determined 
value was about 1.3). Now, the friction energy dissipation 
Mf can be calculated by:

where n is the number of friction surfaces.

2.4  Test Overview

2.4.1  Frame Model Design

A novel friction-based PH joint was produced at half-scale 
according to two different relevant standards, FEMA 350 
[3] and GB50017-2017 [35], and tested in five model con-
figurations. The general size and setup of the beam–column 
models tested in this study are shown in Fig. 4, and the spe-
cific geometry of the PH joint is given in Fig. 1. According 
to the weakened joint setting theory in the literature [3, 16], 
the distance from the centre of the PH joint to the face of 
the column was set at 200 mm, the total length of the PH 
joint itself was set at 150 mm (as shown in Fig. 1), and 
the thickness of connection plates was set at 20 mm. The 
beam-to-column joints of the frame models were stiffened 
with steel plates and welded with E43-type rod. This analy-
sis did not consider the influence of weld defects. Both the 

(8)M = KtFd,

(9)F = M∕Ktd
.

(10)P = F∕A,

(11)Ff = �f (�, r) = �∬
�F

A
rdrd� =

1

2

��F

A
r2�, ,

(12)Mf = �n∬ f (�, r)rdrd�,

beam and column were fabricated from Q235 hot-rolled HN 
200 × 100 beams with web and flange thicknesses of 5.5 mm 
and 8 mm, respectively.

2.4.2  PH Joint Design

The structure of the joint was provided using line cutting 
technology, so the cutting surface of each part was smooth 
without incision. The steel beams on each side of the joint 
were capped with a 15-mm-thick circular arc sealing plate 
and circular tube sealing plate by full penetration groove 
welding with a bevel angle of 35°, and a middle groove weld 
was used to attach the single connection plate to the circular 
arc sealing plate. The circular tube sealing plate was cut 
from thick steel pipe, and four 15 mm × 15 mm limit strips 
were attached on the inside oriented in the length direction 
of the pipe axis. The circular tube had a single 23 mm wide 
connection plate groove cut into it perpendicular to the axis 
of the tube. Two connection plates corresponding to the size 
of the circular tube sealing plate were cut from 20-mm-thick 
steel plate, and four slots corresponding to the limit strips 
were set, where the radius R4 was 83 mm. At the centre of 
each connection plate, a 22-mm-diameter loading rotary bolt 
hole was provided, and four isometrically arranged 10-mm-
limiting bolt holes were provided at a distance of R3 from 
the centre hole of 100 mm, as shown in Fig. 1. The load-
ing rotary bolt was a Grade 10.9 M22 high-strength bearing 
bolt. In order to explore the action of the limiting bolts in 
the PH joint and the energy dissipation rule after their shear 
failure, two types of limiting bolts were evaluated: Grade 
4.8 M10 ordinary bolts and Grade 8.8 M10 high-strength 
bolts. Two types of friction materials were evaluated: a rub-
ber plate (RP) and composite resin plate (CP) with copper 
wire reinforcement. The structure of the PH joint is shown 
in Fig. 1, and the parameters of the five different PH joint 
models tested are defined in Table 1.
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2.4.3  Test Setup and Loading System

The H-beam models were tested in the arrangement, illus-
trated in Fig. 5, in which the column was horizontally fixed 
to the test frame bottom beam at each end, and the end of 
the steel beam was attached to a horizontal MTS LSWEB-
25T actuator using plates connected by threaded rods. The 
actuator had a load range of ± 250 kN, stroke of ± 125 mm, 
and system accuracy of 1%, and was used to apply a cyclic 
reciprocating displacement load to the frame model. Beam 
end control point test data were collected and stored by the 
control system of the LSWEB-250 kN actuator [36]. The 
loading rotary bolt was tightened using a torque wrench 
with a range of 100–550 N m. A photograph of the loading 
device is shown in Fig. 6.

In accordance with the AISC seismic code [37], load-
ing was controlled by variable amplitude displacement to 
ensure a lateral displacement angle between frame stories. 
During the test, θ2 at the beam end of the beam-to-column 
connection, approximated by the ratio of beam end dis-
placement to beam length, was used in place of the lateral 
displacement between frame stories, θ1, as discussed in 
Sect. 2.3.1 and shown in Fig. 2. The loading displacement 
amplitude, cycle times, and corresponding lateral displace-
ment angle between levels are shown in Table 2 and Fig. 7. 
During the test loading, each cycle took 5 min to apply, 
and the entire test took about 2.5 h to complete from initial 
loading to the end.

Table 1  Test parameters of PH joint models (Grade 0 means no shear 
bolts)

Model conditions PH-1 PH-2 PH-3 PH-4 PH-5

Limiting bolt grade 4.8 8.8 4.8 0 0
Friction plate type RP RP CP RP CP
Load torque (N m) 250 250 250 375, 450, 550 550

Connection plates

Counterforce column
of loading device

Fixed connection devicePH

Pseudo-static experimental loading system

Bottom beam of
loading device

Actuator ball hinge

Fig. 5  Schematic of test setup

Fig. 6  Photograph of test setup

Table 2  Loading history

Load level Displacement 
amplitude (mm)

Cycle count Inter-storey 
drift angle 
(rad)

1 ± 2.7 3 0.0038
2 ± 3.5 3 0.0050
3 ± 5.3 3 0.0075
4 ± 7.0 2 0.0100
5 ± 10.5 2 0.0150
6 ± 14.0 2 0.0200
7 ± 21.0 2 0.0300
8 ± 28.0 2 0.0400
9 ± 35.0 2 0.0500
10 ± 50.0 2 0.0700
11 ± 70.0 2 0.1000
12 ± 90.0 3 –
13 ± 110.0 3 –
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3  Results

For models PH-1 and PH-3, which were chosen as exem-
plary of the PH joint behaviour, the four limiting bolts were 
Grade 4.8 M10 ordinary bolts, the tightening torque of the 
loading rotary bolt was 250 N m, and the friction materials 
were rubber plates and composite resin plates, respectively. 
After the test, the composite resin friction plates of PH-3 
were broken due to the action of the limiting bolts (as in 
Fig. 8e), while the rubber friction plates of PH-1 exhib-
ited only surface wear (as in Fig. 8b). The limiting bolts of 
both models exhibited clear shear failure as they were cut 
into three parts with relatively flat shear surfaces, as shown 
in Fig. 8a. The other parts of PH-1 exhibited no evident 
damage.

For PH-2, the four limiting bolts were Grade 8.8 M10 
high-strength bolts, the loading torque of the loading rotary 
bolt was 250 N m, and the friction materials were rubber 
plates. After the test, the limiting bolts had been deformed 
by shear but not destroyed. The limiting bolt holes in each 
connection plate exhibited plastic deformation and elonga-
tion, as shown in Fig. 8c, d, while components such as the 
beam and column were not damaged. Note that PH-2 failed 
in generally the same manner as the PH-1 model, shown in 
Fig. 9.

Generally, the surfaces of the rubber friction plates, 
shown in Fig. 8b, were obviously worn, exhibiting a loss of 
about 6.37%, while the composite resin friction plate sur-
faces, shown in Fig. 8e, were not obviously worn, exhibiting 
a loss of about 1.03%.

4  Analysis and Discussion

4.1  Load Capacity of Test Model

Under the displacement load applied to the end of the test 
model beam, the limiting shears of the Grade 4.8 ordinary 
bolts and Grade 8.8 high-strength bolts were selected as the 
working conditions of test models PH-1 and PH-2, respec-
tively. For this evaluation, only the rubber friction plates 

were considered, and the tightening torque of the loading 
rotary bolt was 250 N m. According to the test results, the 
influence of actuator deviation when negative displacement 
was applied was quite large, and PH-2 only exhibited plastic 
deformation of some of its components. According to the 
contact relationship between steel and friction material, the 
sliding friction coefficient μ was calculated by test theory 
to be 0.45. Therefore, only the ultimate load capacity of the 

Fig. 8  Failure characteristics of various components: a Grade 4.8 M10 bolts (PH-1); b rubber friction plates (PH-4, 550 N m); c Grade 8.8 M10 
bolts (PH-2); d double connection plates (PH-2); e composite resin friction plates (PH-5, 550 N m)

Fig. 9  Typical failure state of tested models: a elastic plastic defor-
mation stage of limiting bolts; b shear failure stage of limiting bolts
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test model under positive displacement loading is compared 
in Table 3 with the results of the theoretical calculation 
described in Sect. 2.3.2, showing that the theoretical results 
were in good agreement with the experimental results. The 
applied loads, Qe and Qt, shown in Table 3 can be related to 
the moment in the beam using Eq. (7). Thus, the theoretical 
analysis of the load capacity and the experimental load–dis-
placement curves can be considered reliable.

Note that under the test conditions and given the mechan-
ical properties of the structure, the strain in the structural 
beam and column was found to be relatively small, so the 
stress and strain behaviours were not obvious. This sug-
gested that only the elastic deformation state was present 
throughout the tests, having little impact on the friction 
energy dissipation effect of the structure. Accordingly, only 
a friction energy dissipation analysis was conducted to eval-
uate the cyclic loading test results.

4.2  Hysteresis Characteristics

4.2.1  Experimental Study of Whole‑Process Loading

Figure 10 shows the load–displacement hysteresis curves of 
the beam end of the test models. The entire process of the 
loading test included the full process of bolt shear and devel-
opment of pure friction in the PH joint. As can be seen from 
Fig. 10a, b, for PH-1 with Grade 4.8 ordinary limiting bolts 
and rubber and composite resin friction plates, respectively, 
two stages of energy dissipation behaviour develop with 
the ongoing application of cyclic loading. In the first stage, 
the energy dissipation is manifested by a transition from an 
S-shaped and relatively full hysteretic curve to a Z-shaped 
curve, mainly dictated by the deformation energy dissipa-
tion of the elastoplastic shear of the limiting bolts, which 
constitutes a stable energy dissipation trend. In the second 
stage of energy dissipation, the shear failure of the limit-
ing bolts has already occurred and thus the limiting bolts 
have stopped working; still, when the displacement reached 
90 mm, the hysteresis curve exhibited friction energy dissi-
pation and thus good energy dissipation performance. How-
ever, when loaded with negative displacement, the structure 
exhibited an abrupt change in the curve due to the influence 
of the ball hinge of the actuator connection under the applied 
torque. By comparing the curves of PH-1 and PH-3, it can 
be concluded that the hysteresis effect is basically consistent 
regardless of friction material used.

It can be seen from Fig. 10c, d that for PH-2 with Grade 
8.8 high-strength limiting bolts and rubber friction plates, 
with the ongoing change in applied displacement, the 
load–displacement curve of the structure shows a certain 
slip effect. The shape of the hysteresis curve is anti-S-shaped 
at first and then tends to be Z-shaped and relatively full. The 
interaction between the connection plate and the limiting 
bolts caused the bolt holes to undergo elastic–plastic defor-
mation and elongate, resulting in energy dissipation. The 
high-strength limiting bolts also experienced elastoplastic 
shear deformation, further dissipating energy. In this test, 
the plastic deformation energy dissipation of the PH plate 
material was the main mode of energy dissipation, the lim-
iting bolts did not fail, and the structure did not reach its 
ultimate capacity at the maximum applied displacement. 
Accordingly, high-strength bolts are not suitable for use as 
limiting bolts in this PH design. Comparing Fig. 10a with c, 
the grade of the limiting bolts also affected the shape of the 
hysteresis curve and the load capacity.

4.2.2  Experimental Study of Pure Friction Loading

According to Fig. 10e, f, when the specimen was only sub-
jected to a friction energy dissipation performance analysis 
without considering the effect of the limiting bolts and with 
either rubber or composite resin friction plates, at a maxi-
mum displacement of ± 90 mm, the hysteresis curves show 
the same basic characteristics and exhibit the same structure 
under negative load displacement, indicating good energy 
dissipation. Under a consistent rotary bolt tightening torque 
of 550 N m, the energy dissipation performance when using 
the composite resin friction plates was a little better than that 
using the rubber friction plates, as can be seen in Fig. 10e. 
When the friction energy dissipation performance of only 
the rubber friction plates is analysed under rotary loading 
bolt tightening torques of 375 N m, 450 N m, and 550 N m, 
the area of the hysteresis loops can be observed to increase 
with the increase in tightening torque, as does the hysteresis 
energy dissipation performance, as shown in Fig. 10f.

4.3  Skeleton Curves and Stiffness Characteristics

Figure 11 shows the skeleton curves of joint models PH-1 
and PH-2, in which it can be seen that PH-2 with Grade 8.8 
high-strength limiting bolts exhibits superior load capacity 
and better ductility. When considering the elastic–plastic 
deformation performance of the PH components, the con-
nection plates reach yield deformation before the high-
strength limiting bolts, and thus, the load capacity and duc-
tility of the structure are higher. The ultimate capacity of 
PH-1 with Grade 4.8 ordinary limiting bolts is smaller, and 
the limiting bolts reach their shear yield limit earlier, so the 
ductility of this specimen is relatively poor. However, some 

Table 3  Comparison of calculated and test-determined model load 
capacity

Model Calculated Qe (kN) Test Qt (kN) Qe/Qt

PH-1 15.84 17.41 0.91
PH-2 21.33 23.05 0.93
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Fig. 10  Beam end load–displacement curves of test models: a PH-1, 
Grade 4.8 bolts, rubber friction plates; b PH-3, Grade 4.8 bolts, com-
posite resin friction plates; c PH-2, Grade 8.8 bolts, rubber friction 
plates; d PH-1 and PH-2 comparison of bolt grades, rubber friction 

plates; e PH-4 and PH-5 with no shear bolts, comparison of friction 
plate material, loading rotary bolt tightening torque 550 N m; f PH-4 
with no shear bolts, three different loading rotary bolt tightening tor-
ques, rubber friction plates
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parts of PH-2 were damaged, while the failure of the limit-
ing bolts in PH-1 prevented such damage. Thus, the use of 
high-strength bolts in PH-2 did not meet the design require-
ments that the PH be easily repairable. Overall, all models 
exhibited a large plastic rotation angle exceeding 0.05 rad, 
which satisfies the requirement that the plastic bending angle 
of the special bending-resistant steel frame connecting beam 
be greater than 0.03 rad.

According to the hysteresis curves of models with Grade 
4.8 and Grade 8.8 limiting bolts, shown in Fig. 10a, c, 
respectively, there is little difference in the stiffness deg-
radation value for cycles with the same amplitude. When 
loading in the positive displacement direction, the Grade 
4.8 limiting bolts of PH-1 suffered shear failure and obvi-
ous stiffness degradation, while there was relatively little 
stiffness degradation of PH-2, which showed no obvious 
decrease in performance. Due to the influence of the torque 
applied to the ball hinge of the actuator connection, the stiff-
ness degradation curves of both PH-1 and PH-2 are not clear, 
but they indicate that the material strength of the connec-
tion plates and limiting bolts has an impact on the stiffness 
degradation of the structure when considering the effects of 
observed test errors.

4.4  Ductility Coefficient

Ductility is an important characteristic in the seismic per-
formance of engineering structures. The ductility of a struc-
ture under repeated load reflects the plastic deformation 
ability of the overall structure or its components without 
experiencing significant reduction in capacity as they enter 
the failure stage. The greater the ductility of the structure 
or component, the stronger its ability to dissipate seismic 
energy and exhibit inelastic deformation; that is, the better 
its seismic performance. The ductility of a structure or com-
ponent is usually measured by the ductility coefficient μ1, 
which refers to the ratio of the ultimate displacement δu to 

the yield displacement δy of the structure or member; that is, 
μ1 = δu/δy. Accordingly, using the skeleton curves in Fig. 11, 
the equivalent yield point was determined by approximation 
based on equal areas [38] and the ultimate and yield dis-
placements were then determined from the geometry of the 
curve [32]. The ductility coefficients of PH-1 and PH-2 were 
about 2.75 and 3.14, respectively, indicating that the seismic 
performance of the PH joint was affected by the considered 
test factors such as the bolt grade, test setup, and load.

5  Conclusion

1. The test results showed that the proposed friction-based 
PH joint exhibits good plastic deformation capacity and 
energy dissipation performance. In the experiments, all 
tested specimens achieved a large plastic rotation angle 
in excess of 0.05 rad, meeting the requirements that the 
plastic rotation angle for a special bending-resistant 
steel frame connecting beam be greater than 0.03 rad. 
The ductility coefficients of models PH-1 and PH-2 
were about 2.75 and 3.14, respectively. Notably, results 
indicate that the ductility can be improved by adjusting 
the influencing factors of the test, including the shear 
bolt strength, the friction material performance, and the 
torque of the loading rotary bolt. The test results show 
that the intended plastic hinge can be established when 
the proposed PH joint is set at the structure node under 
the action of low cyclic reciprocating displacement. This 
can help to avoid the brittle failure of the weld between 
the beam and column caused by the development of 
beam root stress and is beneficial to the design concept 
of providing plastic hinge displacement outside of the 
column.

2. The main failure forms of the proposed friction-based 
PH joint under the test conditions were as follows: the 
beam was weakened at the location of the PH, leading to 
the appearance of an obvious plastic hinge that provided 
plastic displacement outside the column, and then, the 
plastic deformation at the PH joint increased, causing 
the four limiting bolts to fail in shear or the bolt holes of 
the connection plates to undergo plastic deformation, at 
which time the friction material exhibited certain wear. 
When using high-strength limiting bolts, plastic failure 
of the connection plates was observed, which is unsuit-
able behaviour for a PH joint that must be easily repair-
able. Therefore, the structural material strength, perfor-
mance of the limiting bolts, and friction material of the 
PH all affect the behaviour of the proposed PH joint.

3. In the design of the PH-containing structure, reasonable 
parameters should be set according to the distribution 
of the bending moment. This can be accomplished by 
adjusting the distance from the PH joint to the column, 
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Fig. 11  Skeleton curves of specimens
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the distance from the limiting bolts to the centre of rota-
tion, the size and performance of the limiting bolts, the 
characteristics of the friction material, etc. To ensure 
the quality and continuity of the welds in the PH joint, 
the design shear capacity of the limiting bolts should 
be set to less than the design capacity of the connection 
plates, and the yield moment of the PH, Ma, should be 
set smaller than the yield moment of the full section 
of the beam My. The influence of flaws in the connec-
tion between the components of the joint on the moment 
capacity, ductility, and hysteresis energy dissipation 
should also be fully considered.

4. The experimental study and theoretical analysis of the 
proposed friction-based PH joint indicate that it can 
effectively realize the fixed-point displacement of a 
plastic hinge; the best PH configuration, which only 
exhibited plastic failure of the limiting bolts and fric-
tion material wear, was able to provide the predicted 
energy dissipation and good hysteretic energy dissipa-
tion performance. After the test, neither the beam nor 
the column was damaged, and only the disposable parts 
of the PH member required replacement, achieving the 
goal of rapid repair after an earthquake.
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