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Abstract: In electrical substations, glass-fibre reinforced polymer (GFRP) insulators provide an
alternative to porcelain insulators for better seismic performance. The bonded connection between
the composite tube and the metal end fitting is a weak link under earthquake actions, and the
failure risk of ultra-high voltage (UHV) substation equipment with GFRP composite insulators can
be considerable in places with high seismicity. This study solved the problem by retrofitting and
experimentally qualifying the seismic performance of surge arresters made of composite insulators.
To ensure safety under a bending moment corresponding to the seismic demand, the bonded sleeve
joint between the tube and end fitting was retrofitted by shear stiffeners and higher strength end
fitting. A full-scale shaking table test was carried out to verify the performance of the retrofitted surge
arrester, and the seismic responses to increasing earthquake actions were analyzed. The specimens in
this study were full-scale, had the largest dimensions among substation equipment of the same type,
and were subjected to an extremely high earthquake action of 0.5 g; therefore, the seismic testing
results produced in this study can serve as an important reference for the industry.

Keywords: GFRP insulators; seismic performance; bending; joints/joining; shaking table test

1. Introduction

The seismic safety of electrical equipment in substations is essential to the reliability
of a power system [1–3]. Substations install a range of cylindrical electrical equipment,
such as surge arresters, capacitor voltage transformers, and post insulators. These items are
traditionally manufactured using porcelain insulators composed of ceramic material that is
brittle and fragile, resulting in a significant risk of failure in earthquakes. Figure 1 shows
porcelain insulators that were damaged in the 2008 Wenchuan earthquake in China [4];
similar failures occurred in the 1977 Vrancea earthquake in Romania [5], the 1989 Loma
Prieta earthquake in the United States [6], the 2011 Tohoku earthquake in Japan [7], the
2011 Christchurch earthquake in New Zealand [8], and the 2013 Lushan earthquake in
China [9]. Due to insulation clearance requirements, electrical equipment in ultra-high
voltage (UHV) substations, which are the substations with the highest voltage, becomes
substantially taller [10,11]. The normal height of cylindrical electrical equipment in the
primary circuit of a substation, such as the 1000 kV surge arrester examined in this study, is
approximately 10–15 m, and the diameter of an insulator is approximately 0.3–0.7 m. In
seismic hazardous areas, the usage of porcelain insulators for UHV electrical equipment
may pose a significant seismic risk [12].
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Composite insulators in substations have a service history dating back to the 1980s [15], 
but there has been no report on their performance after earthquakes. In the past ten 
years, composite insulators have emerged in UHV substations, with the majority being 
used in lightweight post insulators. Several earlier studies found that UHV equipment 
with composite insulators still lacked seismic strength, necessitating the use of special 
seismic isolation devices [16,17]. As a result, the adaptability of composite insulators in 
substations located in regions of high seismicity is hindered. 

 
Figure 1. Seismic failure of porcelain insulators in the M7.9 Wenchuan earthquake in 2008. 
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joints between the GFRP tube and the metal flange could be vulnerable to lateral loads 
by earthquakes [18]. The joints are categorized into three types: crimped joint [19,20], 
bolted sleeve joint [21,22], and bonded sleeve joint [23,24]. For crimped joints, the proce-
dure of crimping produces significant residual stress, which works well for solid core in-
sulators [25,26] but is not good for hollow core insulators, as the crimping process could 
crack the tube. Through bolts link the sleeve of the flange to the composite tube in a 
bolted sleeve joint. The penetration of bolts to the hollow core beam is often used in the 
beam-column joints [27,28] of composite structure buildings. For electrical equipment, 
the cavity of the insulator often houses valve plates and should not be penetrated. A 
bonded sleeve joint joins the GFRP tube and the sleeve of flange with an adhesive layer, 
which is more appropriate for hollow core insulators. Studies on bonded connections in 
engineering structures mostly focus on axial loads or torque loads [29–31], but bending 
is a less-researched subject [32]. However, composite insulators in substation equipment 
are primarily subjected to bending resulting from wind or earthquake actions. Cracking 
of the metal flange, tearing of the composite tube at the bonding zone, and slippage at 
the bonding interface were identified as potential failure modes based on bending tests 
of composite insulators [33–37]. However, investigations on retrofitting the bonded 
sleeve joint of composite insulators to undertake larger seismic actions are scarce. 

Clause 8.6 of the standard Q/GDW 11391 [38] recommends performing an electrical 
test following seismic testing to validate its electrical functionality. Thus, it is recom-
mended to use full-scale or “real” equipment as a test specimen so that electrical testing 
can be performed. Currently, full-scale shaking table tests of cylindrical electrical 
equipment with composite insulators are still limited. For example, 230 kV switches [39] 
and transformer bushings in various voltage levels [40] were tested in the United States, 
and a 380 kV circuit breaker [41] was tested in Italy. Some kinds of UHV equipment, 
such as a 1000 kV composite gas-insulated switch bushing [42] and ±800 kV composite 
post insulator [43], have been tested. Previous studies have not dealt with a full-scale 
test of a 1000 kV surge arrester with GFRP composite insulators. 

The objective of this study was to improve and validate the seismic performance of 
a 1000 kV surge arrester with GFRP composite insulators to meet safety requirements 
under an extreme seismic action, thereby making the newly designed equipment suita-

Figure 1. Seismic failure of porcelain insulators in the M7.9 Wenchuan earthquake in 2008.

Insulators made of glass-fibre reinforced polymer (GFRP), referred to herein as com-
posite insulators [13], are potential alternatives for replacing porcelain insulators due to the
high strength and excellent electrical insulation properties of GFRP [14]. Composite insula-
tors in substations have a service history dating back to the 1980s [15], but there has been
no report on their performance after earthquakes. In the past ten years, composite insula-
tors have emerged in UHV substations, with the majority being used in lightweight post
insulators. Several earlier studies found that UHV equipment with composite insulators
still lacked seismic strength, necessitating the use of special seismic isolation devices [16,17].
As a result, the adaptability of composite insulators in substations located in regions of
high seismicity is hindered.

Composite insulators are made of GFRP tubes and metal flanges at both ends. The
joints between the GFRP tube and the metal flange could be vulnerable to lateral loads by
earthquakes [18]. The joints are categorized into three types: crimped joint [19,20], bolted
sleeve joint [21,22], and bonded sleeve joint [23,24]. For crimped joints, the procedure
of crimping produces significant residual stress, which works well for solid core insula-
tors [25,26] but is not good for hollow core insulators, as the crimping process could crack
the tube. Through bolts link the sleeve of the flange to the composite tube in a bolted sleeve
joint. The penetration of bolts to the hollow core beam is often used in the beam-column
joints [27,28] of composite structure buildings. For electrical equipment, the cavity of the in-
sulator often houses valve plates and should not be penetrated. A bonded sleeve joint joins
the GFRP tube and the sleeve of flange with an adhesive layer, which is more appropriate
for hollow core insulators. Studies on bonded connections in engineering structures mostly
focus on axial loads or torque loads [29–31], but bending is a less-researched subject [32].
However, composite insulators in substation equipment are primarily subjected to bending
resulting from wind or earthquake actions. Cracking of the metal flange, tearing of the
composite tube at the bonding zone, and slippage at the bonding interface were identified
as potential failure modes based on bending tests of composite insulators [33–37]. However,
investigations on retrofitting the bonded sleeve joint of composite insulators to undertake
larger seismic actions are scarce.

Clause 8.6 of the standard Q/GDW 11391 [38] recommends performing an electrical
test following seismic testing to validate its electrical functionality. Thus, it is recommended
to use full-scale or “real” equipment as a test specimen so that electrical testing can be
performed. Currently, full-scale shaking table tests of cylindrical electrical equipment with
composite insulators are still limited. For example, 230 kV switches [39] and transformer
bushings in various voltage levels [40] were tested in the United States, and a 380 kV
circuit breaker [41] was tested in Italy. Some kinds of UHV equipment, such as a 1000 kV
composite gas-insulated switch bushing [42] and ±800 kV composite post insulator [43],
have been tested. Previous studies have not dealt with a full-scale test of a 1000 kV surge
arrester with GFRP composite insulators.
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The objective of this study was to improve and validate the seismic performance of a
1000 kV surge arrester with GFRP composite insulators to meet safety requirements under
an extreme seismic action, thereby making the newly designed equipment suitable for
installation in any seismic hazard zone in China. The 1000 kV surge arrester is an essential
item in UHV substations, with the heaviest weight of all types of cylindrical equipment.
The decision to retrofit was made since similar equipment had only passed 0.2 g PGA
seismic testing [16]. In this study, the specimen and input motion in seismic qualification
are introduced in Section 2. The retrofitting design is given in Section 3, along with the
bending test results of the retrofitted specimen. The seismic performance of the retrofitted
equipment is validated in Section 4 using a full-scale shaking table test.

2. Input Motion, Specimen Description, and Seismic Demand Analysis
2.1. Input Motion

The 1000 kV surge arrester was designed to be installed in substations in high seismic
hazard areas, including one target substation located in the northern China earthquake zone.
It is a major earthquake zone, where the historic M 7.8 Tangshan earthquake happened
in 1976. The design earthquake action was 0.5 g peak ground acceleration (PGA) for 2%
exceedance probability in 50 years. The vital importance of the UHV substation in the
electrical grid system requires the installed equipment to have a safety margin larger than
1.67 under the design earthquake action, according to Chinese standard GB 50260 [44].

The acceleration spectrum defined in the Chinese standards [44,45] was plotted on the
left side of Figure 2, with a notation of RS 0.5 g. The acceleration spectrum with a resonant
period range of [0.1 s, 0.9 s] was chosen, making it independent of foundation soil types.
The tested equipment can be appropriate for installation in substations with various types
of foundation soil. This differs from the site-specific design of buildings and bridges. The
electrical industry prefers this type of equipment standardization due to the advantages of
employing standard production lines and having efficient stock management.

Buildings 2022, 12, x FOR PEER REVIEW 3 of 18 
 

ble for installation in any seismic hazard zone in China. The 1000 kV surge arrester is an 

essential item in UHV substations, with the heaviest weight of all types of cylindrical 

equipment. The decision to retrofit was made since similar equipment had only passed 

0.2 g PGA seismic testing [16]. In this study, the specimen and input motion in seismic 

qualification are introduced in Section 2. The retrofitting design is given in Section 3, 

along with the bending test results of the retrofitted specimen. The seismic performance 

of the retrofitted equipment is validated in Section 4 using a full-scale shaking table test. 

2. Input Motion, Specimen Description, and Seismic Demand Analysis 

2.1. Input Motion 

The 1000 kV surge arrester was designed to be installed in substations in high seis-

mic hazard areas, including one target substation located in the northern China earth-

quake zone. It is a major earthquake zone, where the historic M 7.8 Tangshan earth-

quake happened in 1976. The design earthquake action was 0.5 g peak ground accelera-

tion (PGA) for 2% exceedance probability in 50 years. The vital importance of the UHV 

substation in the electrical grid system requires the installed equipment to have a safety 

margin larger than 1.67 under the design earthquake action, according to Chinese stand-

ard GB 50260 [44]. 

The acceleration spectrum defined in the Chinese standards [44,45] was plotted on 

the left side of Figure 2, with a notation of RS 0.5 g. The acceleration spectrum with a 

resonant period range of [0.1 s, 0.9 s] was chosen, making it independent of foundation 

soil types. The tested equipment can be appropriate for installation in substations with 

various types of foundation soil. This differs from the site-specific design of buildings 

and bridges. The electrical industry prefers this type of equipment standardization due 

to the advantages of employing standard production lines and having efficient stock 

management. 

 

Figure 2. Acceleration spectrum of 0.5 g and 1.4 × 0.5 g PGA earthquake action in GB 50260 stand-

ard (left) and artificial seismic wave compatible to the spectrum (right). 

In substations, the 1000 kV surge arrester would be mounted on the top of a 5~8 m 

steel supporting frame, as shown in Figure 3. Note that the height of the supporting 

structure is determined by the requirement of ground insulation distance and the posi-

tion of nearby equipment interconnected with the surge arrester. The supporting struc-

ture can be different even in the same substation. The seismic design and qualification of 

the surge arrester usually consider a conservative dynamic amplification factor of 1.4, in 

order to take the influence of the supporting structure into consideration [46]. Converse-

ly, the supporting structures are designed to have a dynamic amplification factor less 

than 1.4 [38]. During the testing, a linear amplification factor of 1.4 was directly applied 

to the input excitation, resulting in an input PGA of 1.4 × 0.5 g. The acceleration spec-

trum is plotted on the left side of Figure 2, with a notation of RS 1.4 × 0.5 g. 
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In substations, the 1000 kV surge arrester would be mounted on the top of a 5~8 m
steel supporting frame, as shown in Figure 3. Note that the height of the supporting
structure is determined by the requirement of ground insulation distance and the position
of nearby equipment interconnected with the surge arrester. The supporting structure
can be different even in the same substation. The seismic design and qualification of the
surge arrester usually consider a conservative dynamic amplification factor of 1.4, in order
to take the influence of the supporting structure into consideration [46]. Conversely, the
supporting structures are designed to have a dynamic amplification factor less than 1.4 [38].
During the testing, a linear amplification factor of 1.4 was directly applied to the input
excitation, resulting in an input PGA of 1.4 × 0.5 g. The acceleration spectrum is plotted on
the left side of Figure 2, with a notation of RS 1.4 × 0.5 g.
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Figure 3. The 1000 kV surge arrester with supporting structure installed in an UHV electrical
substation.

According to various standards on the seismic design of electrical equipment, includ-
ing IEEE 693 [47], GB 50260 [44] and Q/GDW 11391 [38], spectral matching is the primary
consideration [48] for input motion in the seismic qualification of a shaking table test. It is
typically necessary that the test spectrum (TS) envelops the required spectrum (RS) within
a tolerance of −10%/+50%. As a result, the artificial input motion depicted in Figure 2 was
used, as suggested by Q/GDW 11132 [45]. This artificial earthquake wave was created by
modifying the ground motion data from the Landers earthquake to match the RS in GB
50260 [44].

2.2. Specimen Description and Seismic Demand Analysis

An example of a hollow core composite insulator for cylindrical electrical equipment
is shown in Figure 4 [33]. The main component of the insulator is a hollow core GFRP
tube made by a fibre winding process. Epoxy adhesive is used to join the tube with
metal flanges at both ends. The metal flange comprises a sleeve bonded to the composite
tube and a flange plate bolted to a nearby insulator in the column. Silicone rubber sheds
attached to the outer surface of the tube and the electrical valve plates inside the tube are
non-structural components.
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As depicted in Figure 5, the 1000 kV surge arrester, which was the specimen in this
study, consisted of four 2.78 m long composite insulators. The inner diameters, di, of the
GFRP tube were determined by the varistor installed inside the tube; the diameters were
535 mm, 600 mm, 600 mm, and 690 mm for insulators A1, A2, A3, and A4, respectively.
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The outer diameter, Di, was equal to d + 2t, in which t was the thickness of the hollow
core composite tube. The density of the GFRP composite was around 1800 kg/m3, and
the elastic modulus was around 22 GPa. Components such as the metal end fitting and
non-structural components were not modelled, but their masses were added to the model.
It weighed 600 kg at the top, representing the corona ring and bus bar at top. The masses
for insulators A1 to A4, excluding the mass of the composite tube, were 530 kg, 540 kg,
640 kg, and 640 kg.
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The seismic demand on the displacement of the cantilever structure is generally related
to the rigidity of composite tubes. The criteria limit for the deflection of the cylindrical
electrical equipment was 1/18 of its length, or 600 mm [49]. The safety margin requirement
of 1.67 limited it to 360 mm. Considering uncertainties in modelling, our target of deflection
was set to 300 mm in the design of the composite tube. A finite element (FE) model of the
specimen with the beam element was built, as shown on the left side of Figure 5, and the
thickness of the composite tube was taken as a variable, changing from 10 mm to 50 mm.
The response spectrum method was adopted in this parametric analysis. Figure 6 shows
that the targeted 300 mm deflection corresponded to a 24 mm thickness of the tube and
1.58 Hz of fundamental frequency. Thus, the thickness of the tube for the insulator at the top
was chosen as 25 mm, and a slightly larger thickness, 30 mm, was selected for the insulator
at the bottom. The inner/outer diameters of the four insulators became 535/585, 600/654,
600/654, and 690/750 (in millimetres). These values were adopted in the production and
experiments in this study.
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The vibration modes of the equipment are shown on the right of Figure 7, and the
frequencies of the first three modes were 1.73 Hz, 8.8 Hz, and 22.5 Hz. By inputting the
1.4 × 0.5 g PGA seismic motion, a time history analysis was carried out to estimate the
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seismic demand of the specimen. As depicted in Figure 8, the bending moment at the
base was 665 kN·m, and the displacement at the top was 265 mm. A safety margin of 1.67
demanded that the composite insulator should withstand a bending moment of 1112 kN·m.
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3. Bending Test of Composite Insulator with Retrofitted Bonded Sleeve Joints
3.1. Bonding Failure at the Joint of Composite Insulators under Bending

As depicted in Figure 4, the bonded sleeve joint of the composite insulator utilized
epoxy as the adhesive, and a layer of epoxy was created between the inner face of the
metal sleeve and the outer face of the composite tube. Figure 9 illustrates that the bending
moment is resisted by tangential shear and lateral pressure stress at the cohesive joint.
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Figure 9. The bonded connection at the end of the composite insulator.

When the combined stress reaches a threshold, bonding failure may happen. Previous
testing on an 800 kV composite post insulator by the authors [33], as seen on Figure 10a,
revealed that the bonded joint at connection was a significant weak point. When the
load reached 33 kN, slippage or pull-out occurred at the bonding interface, resulting in
a significant loss of stiffness and loading capacity, as indicated by a sharp turn in the
loading–deflection curve shown in Figure 10b. The maximum stress on the composite tube
was approximately 80 MPa, considerably lower than the bending strength of the tube.
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Figure 10. Bonding failure of an 800 kV composite insulator under a cantilever bending test (a) and
loading–deflection curve (b) [33].

3.2. Bending Test of Composite Insulator Retrofitted with Shear Stiffeners

The bending failure of the composite insulator was found to be localized at the joint,
indicating that retrofitting may be focused on the bonded sleeve joints and the remaining
components could remain unchanged. Examining the joint revealed debonding at the
interface of the aluminium and epoxy layer, with no adhesion remaining on the inner
face of the aluminium flange, indicating the bonding strength between the epoxy and
aluminium was insufficient.

In order to enhance bonding, the manufacturer of the composite insulators designed
shear stiffeners at the bonding interface. As illustrated in Figure 11, fillisters were cut
into the inner surface of the sleeve and the outer surface of the GFRP tube, thus creating
a sequence of ring-shaped voids that were to be filled with epoxy. When the epoxy had
fully solidified, it turned into ring-shaped stiffeners inserted between the flange sleeve and
GFRP tube. Figure 11 illustrates the distribution of shear stresses at the flange sleeve and
the composite tube under bending moment. The stiffeners improved the shear resistance at
the bonding interface, thereby retrofitting the composite insulator for the bending load.
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Figure 11. Section of the bonded sleeve joint for the GFRP composite insulator retrofitted by ring-
shaped shear stiffeners.

A full-scale bending test was conducted to evaluate the performance of the aforemen-
tioned retrofitting on the composite insulators of the 1000 kV surge arrester. Figure 12
shows the specimen, which was made up of 4 insulators and was 11.2 m long. The joints
at the insulators had ring-shaped shear stiffeners applied for retrofitting, and the flange
was made of cast aluminium. Figure 12a depicts the setup for the bending test. Figure 12b
illustrates the application of a cantilever force at the top, where the displacement was
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measured. The pull force at the top gradually increased until the bending failure of the
specimen. The testing setup and loading protocol followed the procedure in [49].
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Figure 12. Cantilever bending test of composite insulators retrofitted by shear stiffeners. (a) Test
setup. (b) Specimen and loading facility. (c) Cracking of the flange.

Figure 13 shows the loading–deflection curve of the bending test. When the loading
reached 78 kN (corresponding to an 867 kN·m bending moment), audible sound emission
and a minor drop in force occurred, indicating the debonding at the interface. However, as
shown in the zoomed window of Figure 13, the specimen continued to undertake lateral
loads, proving that the shear stiffeners were successful in preventing the development
of bonding failure at the interface. Following that, an abrupt failure occurred at the base
when loading reached 85.8 kN or 954 kN·m, as shown in Figure 12c. Interestingly, the
break appeared at the cast aluminium sleeve, contrasted sharply with the debonding at
the interface in the previous test (shown in Figure 10). By referring to the crack’s location
and orientation, it can be concluded the crack was brought on by tension stress, implying
the cast aluminium flange’s lack of tensile strength. The ultimate bending moment at the
bottom was 963 kN·m, lower than the targeted 1112 kN·m predicted in Section 2.
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3.3. Bending Test of Composite Insulator Retrofitted with Cast Iron Flanges

A second attempt to retrofit the specimen was carried out, in order to complete the
partially successful design in Section 3.2. The strength of the flange could be greatly
increased by exchanging the cast aluminium flange at the base for a cast iron flange. The
specimen’s weight only slightly increased as a result, and the cast iron flange could be
made using the same mould. Therefore, the specimen was kept the same as the one in
Section 3.2, with the exception that the flange at the base was made of cast iron.



Buildings 2022, 12, 1720 9 of 17

Figure 14 shows a repeat of the bending test, and Figure 15 depicts the loading–
deflection curve. An acoustic event was initially heard when the load was 74.7 kN. The
force was close to the 78 kN in Section 3.2, which corresponded to the initial debonding
at the joint that was stopped by the shear stiffeners. After that, a major acoustic emission
event occurred when the load was 96 kN with 780 mm deflection. The resistance force
slightly decreased, and the stiffness deterioration became more pronounced. This incident
could be caused by the partial breakdown of some shear stiffeners. Notably, the specimen
continued to withstand bending loads after 1067 kN·m, which indicated the structure’s
earthquake resilience.
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When the load reached 117 kN or 1301 kN·m with 1080 mm deflection at the top and
115 MPa stress at the tube, the testing was ended. The testing was terminated because
of safety concerns in the laboratory. This load was considerably larger than that of the
estimated seismic demand in Section 2. As shown on the right side of Figure 12, the
specimen was inspected after the test. The effectiveness of the retrofitting at the bonded
sleeve joint was demonstrated by the absence of slippage in the bonded interface or crack
on the metal flange.

4. Seismic Performance Validation by Full-Scale Shaking Table Test
4.1. Testing Design

In this section, a full-scale shaking table test was conducted as a direct method of seis-
mic performance validation of the surge arrester with the retrofitted composite insulators.
All of the electrical parts had been assembled inside the surge arrester, and the insulators
utilized were the same as those in the flexural test. The specimen was fixed on a 4 m by
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6 m shaking table, as shown in Figure 16. Sensors were arranged as shown in Figure 17.
It included strain gauges at the bottom of each insulator and accelerometers at the top.
Displacements of the specimen can be acquired by integrating the acceleration curve, and
deflections of the specimen can be obtained by subtracting the displacement at the top of
the specimen from the displacement at the shaking table.
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Figure 17. Sensor arrangement in the testing.

The testing schedule is listed in Table 1. The influence of vertical stimulation was
minimal due to the axial symmetric shape of the equipment and upright installation
position. In the test, the base excitation was input in a single horizontal direction. The GB
50260 compatible artificial ground motion forms the major testing cases, as explained in
the selection of input motion in Section 2.1.

Typically, in shaking table testing, both the artificial ground motion and the recorded
ground motion excitation should be used. However, over-testing should be avoided for
consistency in the succeeding test since the same full-scale specimen was used in electrical
performance testing after seismic qualification. The recorded seismic motion excitation
test was therefore not planned. The target PGA in the testing schedule increased from
1.4 × 0.1 g to 1.4 × 0.5 g in five tests so that the trend in the earthquake response against
the magnitude of excitation could be analyzed.



Buildings 2022, 12, 1720 11 of 17

Table 1. Testing schedule.

No Target PGA Direction Input Wave

1 0.05 g X White noise
2 1.4 × 0.1 g X GB-compatible wave
3 0.05 g X White noise
4 1.4 × 0.2 g X GB-compatible wave
5 0.05 g X White noise
6 1.4 × 0.3 g X GB-compatible wave
7 0.05 g X White noise
8 1.4 × 0.4 g X GB-compatible wave
9 0.05 g X White noise
10 1.4 × 0.5 g X GB-compatible wave
11 0.05 g X White noise

4.2. Testing Result

(1) Result in 1.4 × 0.4 g input test case

In this section, the result for 1.4 × 0.4 g test case is presented. Figure 18 shows the
input acceleration at the table surface as well as the response acceleration spectrum. In the
testing, the PGA was close to 0.60 g, and the TS could match the RS in the standard.
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The curves of major response items are shown in Figure 19. For acceleration at the top,
the testing result was 29.43 m/s2, and the corresponding numerical result was 30.08 m/s2,
which had a different rate of −2.2%. For displacement at the top, the testing result was
0.267 m, and the corresponding numerical result was 0.224 m, which had a different rate of
16%. For bending moment, the testing results were 211 kN·m, 381 kN·m, and 525 kN·m at
the bottom of insulators A2, A3, and A4, respectively, and the corresponding numerical
results were 214 kN·m, 375 kN·m, and 555 kN·m, which had a different rate of 1.60%,
−1.51%, and 5.80%. The comparisons demonstrated the validity of the numerical model.

The relationship between the input motion and the seismic response of the specimen
was used to identify the vibration modes of the specimen. The transfer function, T(f ),
between acceleration at the top of each insulator and acceleration at the table surface was
calculated using T( f ) = Pyx( f )/Pxx( f ) [50], in which Pyx( f ) was the cross power spectral
density between the output and the input, and Pxx( f ) was the power spectral density of
input. The imaginary part curves of the transfer function are shown on the left side of
Figure 20. The peaks of the curves represent the coordinates of a mode shape, as shown on
the right side of Figure 20. The fundamental frequency was 1.69 Hz in the test and 1.73 Hz
in the analysis, which had a different rate of 2.2%. The second mode frequency was 8.7 Hz
in the test and 9.3 Hz in the analysis, which had a different rate of 7%. The mode shapes
in the test (as shown on the right side of Figure 20) could also match the mode shapes in
numerical analysis (Figure 7).
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Figure 20. Transfer functions and vibration modes were obtained from the shaking table test.

(2) Result in 1.4 × 0.5 g input test case

The 0.5 g level input represented the most severe seismic action for the 1000 kV surge
arrester. This was the most crucial test case for confirming the seismic performance of
the GFRP insulator retrofitted in this study. Figure 21 shows the input acceleration and
spectrum. The PGA was 0.74 g, and a lowpass filter eliminated the composition of base
excitation with periods longer than 1.2 s to avoid driving the shaking table facility beyond
the permissible displacement. In the main frequency range of 1–10 Hz, the TS could well
match the RS.
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The response time histories in the test are shown in Figure 22. The maximum accel-
eration at the top was 32.93 m/s2, which was 4.5 times larger than the excitation. The
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maximum deflection at the top was 334 mm, smaller than the criterion value of 360 mm.
The bending moment was obtained by strain measurement at the base of the composite
tube. The maximum stress was 52.1 MPa on the left side and 48.1 MPa on the right side, cor-
responding to 593 kN·m of bending moment. For the flexural test result, the local bonding
damage at the joint of the insulator happened when the bending moment was 1013 kN·m
at the position of strain measurement (or 1067 kN·m at the bottom). The shaking table
test results of 593 kN·m corresponded to a safety margin of 1.7, meeting the safety margin
requirement of 1.67. Additionally, the continued load resisting capacity in the flexural test
indicated its resilience in earthquakes. In contrast, the bonded joint broke at 867 kN·m,
which was below the safety margin requirement, if no retrofitting design of shear stiffener
was made. The joint failed in 954 kN·m, which was close to the safety margin requirement
but less resilient due to the failure mode of sudden fracture, if there was no retrofitting
with a cast iron flange.
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Figure 22. Seismic responses of the specimen in the 1.4 × 0.5 g input test.

In this test case, the deflection of the specimen was around 330 mm, which was 25%
larger than the 265 mm estimated by seismic demand analysis but was still below the
acceptable limit of 360 mm. It indicated that the specimen had seen a certain degree of
rigidity deterioration. In the substation design of electrical equipment with composite
insulators, a 25% larger deflection can be empirically considered in cases of high seismic
action when the deflection demand is predicted using a linear elastic model. As the
slackness of the interconnection conductor is essential for decoupling the earthquake
response from nearby equipment, this recommendation derived from the full-scale tests
is noteworthy.

4.3. Trend Analysis of Seismic Responses among Different Testing Cases

Figure 23 graphically shows the trends in responses of acceleration, deflection, bending
moment and stress. The structural frequencies were stable amongst different excitation
levels of testing, with a mild decreasing rate of 5% from 1.73 Hz to 1.64 Hz. Acceleration,
deflection, and moment of bending were linear to the applied PGA, indicating the specimen
mostly responded in a linear elastic range.
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The damping of the specimen can be analyzed by the dynamic parameter identifi-
cation procedure [51]. The structure was simplified as an SDOF system, described as
m

..
u + c

.
u + ku = −m

..
ug. The input acceleration at the base and response acceleration at the

top were taken as the input and output of the SDOF system, respectively. An equivalent
viscous damping ratio was employed to describe the damping effect of the structure, and
the model analysis functions in the Matlab Control System Toolbox [52] were used to
identify system damping based on the transfer function between the input and the output.
As shown in Figure 24a,b, the amplitude of the transfer function was decreased, indicating
a significant increase in damping. The damping ratios resulting from curve fitting opera-
tions are shown in Figure 24c, increasing from 2% in the 1.4 × 0.1 g PGA test to 6% in the
1.4 × 0.5 g PGA test. The flexural testing showed that the stiffness degradation happened
when the bending moment was 580 kN·m. The 593 kN·m in the shaking table test indicated
the specimen had just entered a state of mild stiffness degradation, and damage to the
specimen was very small, if there was any. It demonstrated that the damping ratio of
composite insulators was a sensitive indicator for detecting structural deterioration. This
establishes the basis for further investigation in using the change in damping ratio to detect
damage to substation equipment with composite insulators.
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5. Conclusions

This study employed full-scale testing to investigate the seismic performance of the
retrofitted composite insulators used in the 1000 kV surge arrester. The conclusions reached
are as follows:

(1) The bonded sleeve joint between the GFRP tube and the metal end fitting was a weak
point for the bending strength of the composite insulator, which can be retrofitted by
introducing ring-shaped shear stiffeners at the joint and replacing the cast iron flange
with an aluminium one.

(2) Full-scale cantilever bending tests were carried out to assess the bending strength of
the retrofitted composite insulator. The shear stiffener was seen to prevent bonding
failure at the joint and increase the specimen’s bending strength. The numerical
modelling and design optimizations of shear stiffeners are open to further study.

(3) The full-scale shaking table test of the 1000 kV surge arrester with retrofitted insulators
demonstrated the equipment’s satisfactory performance during an extreme seismic
action of 1.4 × 0.5 g PGA, making it suitable for installation in the UHV substation in
regions with high seismic risk.

(4) The responses of the equipment during the shaking table test were mainly in the
elastic range, but its damping ratio increased from 2% to 6%, indicating that the
damping ratio is a sensitive parameter for the damage detection of equipment with
composite insulators.
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