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ARTICLE INFO ABSTRACT

The present paper studies the impact of dynamic interaction between high-voltage substation equipment on the
response and vulnerability of substation equipment. The 3D numerical model is developed for four types of
vulnerable equipment in the both unconnected and connected conditions. The bus slider-rigid bus assembly is
utilized to establish the connection between the equipment. The incremental dynamic analysis is carried out in
the developed systems to produce the fragility function for each equipment. Also, the Monte Carlo approach is
employed to evaluate the accuracy of the generated functions. It is concluded that the incorporation of con-
nection parts in the model can significantly alter the fragility of equipment and the relative performance of
vulnerable equipment. Moreover, it is found that when more than two equipment are connected, the effect of
indirectly connected equipment can be neglected if the contribution of higher modes to its response is small. The
fragility functions for which the interaction effects are accounted can be used to reliably assess the seismic risk of
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1. Introduction

Electrical substations are the nodes of power transmission network
which their continuous operation after earthquakes has paramount
importance for the well-being of community. The damage of earth-
quake to substations may impose disruption in rescue operation after
the earthquake and in the performance of other critical lifelines such as
water delivery systems.

Substations are composed of various types of equipment such as
surge arrester (SA), current transformer (CT), circuit breaker (CB),
disconnect switch (DS), etc., which are connected through the con-
ductors. Most equipment include slender ceramic insulators under a
large concentrated mass, which increases the vulnerability to the
earthquake-induced forces [1-3]. Moreover, conductors result in the
interaction between the equipment with different dynamic character-
istic, which in turn can contribute to their vulnerability [4]. Also, as the
voltage level of substation is increased, the fragility of its component is
increased accordingly.

The interconnection between the equipment are provided through
the rigid bus assemblies or flexible cables as conductor. Rigid buses
include an aluminum pipe with a flexible connector at one end. Two
types of common connectors are the flexible strap connector (FSC) and
bus slider (BS). Although connectors are originally designed for the
thermal expansion purposes, they increase the flexibility and
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dissipation capacity of conductors, which may lead to the reduction in
the adverse interaction effects. However, the transfer of force between
equipment, variations of dynamic properties and exceedance of con-
nectors’ displacement limit may cause severe interaction effects.
Depending on the slack, cables may increase or decrease the response of
equipment. Thus, the interconnected equipment has become a complex
dynamic system.

Seismic qualification of equipment is usually performed without
considering the interaction effects ([1,2,5-7]). This is due to the di-
versity of connected equipment and conductors in substations. Also, it is
not usually practical to conduct the shaking table test on several in-
terconnected equipment due to the budget and laboratory restrictions.
Although some new methods, such as real-time hybrid simulation
(RTHS) developed by Mosalam and Gunay [8], are presented to conduct
tests on the interconnected equipment, they need intelligent facilities
which are not simply available. Therefore, the accurate numerical
methods can be employed to evaluate the effects of connection between
equipment on the response and vulnerability.

In late 1990s, PEER began a project in collaboration with PG&E to
examine the interaction effects between equipment in substations and
to introduce guidelines for mitigating these effects. In the first step, Der
Kiuregian et al. [4] numerically investigated the interaction between
two equipment. They modeled the equipment as SDOF systems and the
rigid bus assembly as linear spring-dashpot-mass. An extensive
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parametric study was done to evaluate the effect of different system
parameters on the interaction. Then, an experimental study was con-
ducted at UCSD to produce validation data for the numerical analysis
[9]. They performed cyclic tests on three types of FSC and one type of
BS connectors. Also, they carried out shaking table test on five pairs of
simulated equipment connected through the rigid bus assemblies. Fol-
lowing the PEER project, Der Kiuregian et al. [10] extended previous
linear connector to a nonlinear one using the detailed FEM. They also
developed a mathematical model for the FSC-rigid bus assembly by
fitting hysteresis cycles to the ones obtained in Ref. [9]. The effect of
flexibility and energy dissipation of FSCs on the interaction results is
investigated through the parametric study. It should be noted that only
two recorded ground motions were used in this study. In 2004, a quasi-
static cyclic test was conducted on two improved connectors in Ref.
[11]. They investigated the interaction effect for the equipment con-
nected by these modified connectors through the shaking table test.
Afterwards, Song et al. [12] developed a mathematical model for all
rigid bus connectors tested in Refs. [9,11]. Finally, Dastous and Der
Kiuregian [13] proposed a design procedure where the interaction ef-
fects are taken into account with simple relations. In addition to PEER
project, different methodologies have been developed for the seismic
design of conductors considering the interaction effect [14,15].

The assessment of interaction in the PEER project has some lim-
itations: (a) The higher-mode effects on the responses are not taken into
account, because SDOF systems are incorporated for modeling the
equipment, (b) Only the pairs of interconnected equipment are studied
and the influence of more than two connected equipment is not in-
vestigated, and (c) A limited number of records are used and only one
component is incorporated in the analysis. In Ref. [16], limitation of
two-connected systems were addressed for the cable-connected equip-
ment.

The evaluation of vulnerability in various substation equipment was
conducted both in an experimental and numerical manner. In 1999,
Anagnos [17] developed a database according to the damaged and
undamaged equipment for the twelve previous earthquakes in Cali-
fornia which is used to construct the experimental fragility curves.
Since the data collected for each individual equipment was limited, the
rough estimation of vulnerability was presented. In addition, HAZUS
[18] proposed the fragility parameters for the equipment based on the
failure observed in some substations. Paolacci et al. [3] derived ana-
lytical fragility functions for high-voltage DS. They investigated the
sensitivity of functions to DS dynamic parameter and concluded that
the characteristics of bottom joints have the most substantial effect on
the fragility. Zareii et al. [19] evaluated the vulnerability of CB using
the multivariate fragility functions. The vulnerability assessment of
other equipment like power transformer was also reported in literature
[20,21]. In all previous numerical studies, the fragility functions have
been developed for the stand-alone configurations without considering
the effect of conductors and adjacent equipment.

Regarding the gap existing in the literature, this study aims to: (1)
evaluate the effects of record-to-record and intensity variations on the
interaction results when more than two equipment are connected to
each other, (2) generate vulnerability functions of interconnected
equipment and compare them with the stand-alone ones, and (3) in-
vestigate how many connected equipment may have considerable ef-
fects on the fragility.

In the present study, the 3D numerical model of 400 kV equipment
including SA, CT, CB and DS was developed and verified in their stand-
alone configuration. A mathematical model was incorporated to model
the hysteretic behavior of BS employed to connect four equipment to
each other. Also, the nonlinear time history responses of BS-rigid bus
assembly were validated. Then, the incremental dynamic analysis (IDA)
with three-component records was carried out on the both unconnected
and connected models. The variations of equipment responses due to
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the conductors were measured by dividing the connected system re-
sponses to the unconnected ones. The IDA results were also used to
estimate the parameters of fragility functions for each equipment in the
stand-alone and interconnected conditions. This procedure was re-
peated for each equipment in which different interconnected systems
were considered. Meanwhile, the Monte Carlo sampling approach was
employed to investigate the accuracy of developed fragility curves.
Finally, in order to have an overall view on the interaction effects, the
hazard curve of a site in Tehran and the fragility curves of equipment
were convolved to produce the mean annual rate of failure.

2. Method
2.1. Incremental dynamic analysis

IDA is a structural analysis procedure which is employed to collect
data for developing the fragility [22]. To perform IDA, several ground
motion records are scaled progressively for various intensity levels and
applied to numerical model. In the present study, peak ground accel-
eration (PGA) is chosen as the intensity measure (IM) to scale the re-
cords. One horizontal component of each record is increased in am-
plitude by an increment of 0.1 g up to 1.5 g, while other components are
scaled so that the as-recorded ratio of peak acceleration among com-
ponents remains constant. After the completion of IDA, the responses
resulted from each ground motion set is traced versus the intensity
measure to obtain the PGA values at which the demand exceeds capa-
city. These are required data for the fragility generation.

2.2. Fragility generation

Fragility functions show the probability of exceedance of a certain
damage level given an intensity measure and are usually described as
lognormal cumulative distribution function:

ln(x/G))
B (@)

Where P[Damage = DS; | IM=x] is the probability that damage exceeds
DS; threshold when IM is equal to x, ®() denotes the standard normal
cumulative distribution function, 0 is equal to the intensity measure
with 50% probability of exceedance (median), and  denotes the
standard deviation of In IM. The estimation of fragility parameters (i.e.,
0, B) is a statistical procedure and depends on the method used to
perform structural analysis [23]. In this study, since the IDA approach
was used for collecting data to find the fragility parameters, the mo-
ment method described below was chosen to estimate the parameters
[24].

As mentioned in section 2.1, the incremental dynamic analysis re-
sults in IM values for each ground motion set where the structure re-
sponse exceeds the limit state of interest. Taking natural logarithm of
these IM values and calculating the mean and standard deviation lead
to the estimation of fragility parameters as follows [23,24].

P | Damage > DS;|IM = x] = qf’(

n
Ing = L Z In IM;
nia 2)

f= == (n(M/d)Y
i=1

noli ®)
Where n is the total number of ground motion in the set and IM; is the
IM value in which the exceedance of damage threshold for the ith
ground motion occurs. It should be noted that the moment method is
applicable when the responses of all ground motions reach the damage
threshold at the intensity values smaller than the maximum ones con-
sidered in IDA. If some ground motion in the set does not reach the



A.G. Baghmisheh and H.E. Estekanchi

threshold, other parameter estimation methods like maximum like-
lihood may be employed [23].

The PGA is the intensity measure used to represent fragility curves.
This selection is based on several reasons. First, PGA is a commonly
used intensity measure for the vulnerability evaluation of electrical
equipment ([18-20]). It provides an opportunity to compare fragility
results obtained here with the previous ones. Second, it makes it easy to
employ IEEE693 [25] design spectra. This is because, in contrast with
building design code ASCE7 [26] where the design spectrum is de-
scribed by spectral ordinate at two period, the IEEE standard's spectrum
is based on spectral ordinate at zero period (i.e., PGA). Finally, since
fragility functions only depend on PGA, they can be incorporated in the
seismic risk analysis of any location without the need to involve in-
formation on dynamic characteristic of equipment (For example, nat-
ural frequency).

The states of significant damage to substation equipment can be
classified as: cracking of insulator, leakage of oil, fracture of insulator,
disconnection of conductor, and failure of supporting structure. Among
these states, the latter has been rare in previous earthquakes [19]. Two
damage states are considered for the vulnerability evaluation of
equipment similar to Refs. [19,27]. The moderate damage state is
supposed to be associated with the development of fine cracks at the
outer surface of insulator, which may change the insulation properties.
The major cracking is assumed as severe damage state, which may
cause the oil leakage from the insulator and in turn lead to loss of
functionality of equipment. Because high uncertainty involved in de-
termining fracture point of equipment, this damage state is not con-
sidered. Furthermore, since this study aims to compare the vulner-
ability of equipment in the stand-alone and connected systems, the
disconnection of conductor is not considered as damage state for the
connected systems. However, it will be demonstrated that severe da-
mage state occurred before the disconnection of conductor for all stu-
died cases.

Determining the damage state threshold is based on IEEE re-
commendation. Version 1984 and 2005 of this standard suggest 25%
and 50% of porcelain ultimate stress as the allowable stress [25]. In the
present study, 25% of ultimate stress is selected as the moderate
threshold and 50% of ultimate stress is chosen as the severe threshold.
Because overcoming half of the porcelain strength are not allowed by
IEEE provisions for the design of equipment, the latter damage state is
considered corresponding to this threshold. Although it can be inter-
esting to consider damage state corresponding to the overcoming of
total ceramic strength, this is not considered because of the restrictions
of numerical models, which will be explained in section 3.6. The ulti-
mate strength of porcelain is assumed to be 50.511 MPa. The damage
thresholds described here are consistent with those presented in pre-
vious fragility studies on the equipment ([19,21,27]).

As mentioned, two damage states are considered here, and the
collapse fragility is not incorporated in the study. This is because of
high uncertainty involved in the determining fracture point of equip-
ment. As depicted in experimental studies like ([6,28]), collapse usually
occurs at stress levels which are almost 20 to 30 percent higher than the
strength specified by manufacturer. Difference between actual strength
and manufacturer proclamation is attributed to that companies con-
sider a safety factor which usually is not reported. On the other hand,
premature collapse may occurs depend on property of major cracks.
Therefore, more detailed finite element model or experimental test is
required to accurately capture collapse point, which can be subject of
future studies.

It should be noted that despite building structure where the collapse
prevention is crucial for saving people's lives, the main objective of
electrical structures is to remain functional after a severe earthquake.
Furthermore, in the both case of loss of functionality and completely
collapse of equipment, the retrofit strategy is usually a replacement for
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the equipment. Thus, in the case of substation equipment, the utility
managers are more interested in reducing the risk of loss of function-
ality.

2.3. Statistical efficiency of fragility estimations

In order to assess the efficiency of IDA in estimating the fragility
parameters, the Monte Carlo approach is employed which is generally
proposed by Baker [23]. In this approach, it is assumed that the con-
sidered fragility parameters are a true one, and then, the accuracy of
this assumption is investigated through simulating the synthetic struc-
tural analysis data. The procedure can be summarized in four steps as
follows:

1) Assume the fragility function parameters as true one and produce a
lognormal random variable for the intensity measure based on the
parameters.

2) Generate the realization for the random variable (i.e., IM values that
cause failure) as many as the number of considered ground motions
in IDA.

3) Estimate fragility parameter using Equations (2) and (3) based on
produced data from step 2.

4) Repeat step 2 and 3, N times (N > > 1) to evaluate the variability
of estimated parameters in comparison with the original ones (i.e.,
parameters of step 1).

2.4. Failure probability
In order to calculate the mean annual rate of failure, the seismic

hazard curve for a site should be integrated over the fragility curves as
the following equation ([24,29,30]):

Aalure = [ P[failurelIM = x]-ldin ()| = qb(ln(’é/ 9)).’%

d(x)

@

where Agjure is the mean annual frequency of failure and Ap, is the
mean annual rate of exceedance of the intensity measure. Calculating
above equation requires the numerical solution in which the integral is
discretized into the summation. In this process, the absolute slope of
hazard curve at each small IM step is multiplied by the corresponding
failure probability in the fragility curve and multiplied by the size of
step and then, the obtained results are added over all IM steps [30].

If the occurrence of earthquakes follows a Poisson distribution over
time, the mean annual rate of failure can be transformed to the prob-
ability of failure in t years as follows:

Pfailure (il’l t yearS) =1- eXp(_/lfailurc't) (5)

3. Numerical modeling of equipment and conductors
3.1. General specifications of equipment

The equipment considered in this study are shown in Fig. 1, which
are generally composed of hollow ceramic insulator columns connected
together through steel flange joints. According to previous experimental
study ([6,31]), the coupled system of insulator columns and flange
joints have linear behavior until a sudden collapse. However, the de-
formability of joints may contribute to the slightly hysteretic behavior,
which is observed in some cyclic tests such as those in Ref. [1].
Therefore, the porcelain columns and flange joints demonstrate various
stiffness and flexibility. In addition, the jagged insulators and cemented
joints introduce complexity in determining the structural properties.
Hence, the experimental studies or regression models calibrated
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Fig. 1. Schematic drawings of equipment (a) surge arrester (b) current transformer (c) circuit breaker (d) disconnect switch.

through the test are used to determine equivalent bending stiffness of
insulators and rotational stiffness of joints.

The numerical model is implemented in OpenSees software [32].
The linear beam-column elements with equivalent pipe section and
linear rotational springs are adopted for modeling the insulators and
joints, respectively. The nonlinear DispBeamColumn elements with
fiber sections are used to model the steel supports. The self-weight of
insulators and steel elements are considered as uniformly distributed
mass. Also, the additional masses at top of equipment or supporting
structures are treated as the concentrated mass. The fixed-type support

is assumed as the boundary condition of steel structure and the soil-
structure interaction is neglected. Fig. 2 shows the numerical model of
considered equipment.

The equipment in the stand-alone configuration have linear beha-
vior, because the linear material is used for constructing models.
Although the nonlinear elements are utilized to model the supporting
structures, the nonlinear behavior in those elements is not observed in
none of the analyzed cases. It should be noted that due to the low level
of ductility, the equipment usually has brittle failure, and its behavior
after failure is not considered in the models.
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Fig. 2. Numerical model of (a) surge arrester (b) current transformer (c) circuit breaker (d) disconnect switch.

The procedure of verification is different for the equipment in the
stand-alone and interconnected configuration. Because behavior of
stand-alone equipment is linear, the natural frequency evaluation test
or information provided by manufacturer on the natural frequency are
used for the verification. Moreover, due to the diversity of supporting
structures used in the substations, the seismic qualification tests on the
equipment are usually conducted without the supporting structure.
Thus, the verification of numerical model is carried out on equipment
configuration without the structures on which they are mounted. On
the other hand, Due to the nonlinearity introduced by BS in the inter-
connected system, the existing shaking table tests in the literature on a
pair of steel beams connected by BS-rigid bus assembly are utilized to
assess the response accuracy of components connected by BS.

Because the components of individual equipment, method of

determining structural parameters, and evaluation of accuracy are
different from one another, separate sections are allocated for each
equipment as follows.

3.2. Surge arrester

As seen in Fig. 1a, high-voltage surge arresters include two or three
insulator columns and several grading aluminum rings on top. The as-
sembly is usually installed on a varying-height supporting structure to
satisfy electrical requirements [2].

The surge arrester considered in this study is almost the same as the
one tested in Ref. [2] with two exceptions to adjust with nearby
equipment. First, two porcelain insulators are used instead of three.
Second, the height of supporting structure is assumed as 2.85 m instead



A.G. Baghmisheh and H.E. Estekanchi

of 4 m. Therefore, the numerical model of SA in Ref. [2] is developed
and verified through the frequency evaluation test. Then, the required
changes are made on the model to be appropriate for the present study.

In order to determine the flexural rigidity of insulators and rota-
tional stiffness of joints, the regression models proposed in Ref. [33] are
employed here. The models were developed based on the data collected
from the twelve experimental tests on the large dimension insulators
along with the flange joints. Furthermore, they are verified through the
shaking table test on the surge arresters in Ref. [2]. These relations are
summarized below [33].

The flexural rigidity of jagged porcelain column can be estimated:

EI; = AEl 6)
where
As = 1.045 + 5 x 1073D;2 @

and 0.215m < D, < 0.7m.
ElL, = (1/64)7 (D} — d*)E, ®)

The rotation stiffness of the flange can be calculated as follows:

K¢ = AcDchel/t, 9
where

Ae = 5.25 X 107h, where 0.075m < h, < 0.35m (10)
Ae = 6.54 X 107h, where h, < 0.075m (11

Where D, and d are the outer and inner diameter of jagged insulator,
respectively. E, is the elasticity modulus of porcelain. h. and ¢, re-
spectively, are the height and thickness of cement attaching the flange
joint and porcelain together. The structural parameters of SA and its
supporting structure are listed in Table 1 and Table 2, respectively. The
modal analysis was carried out on the equipment and the resulting
frequencies for the first five modes are reported in Table 3.

3.3. Current transformer

Current transformer is an assembly of a large dimension hollow
insulator, an oil reservoir at tip of ceramic column and a steel box at
bottom of the lowest flange joint where the equipment is connected to
the supporting structure. Fig. 1b schematically illustrates this equip-
ment. For this particular equipment, in contrast with previous one, the
existence of steel box in addition to flange joint introduces further
flexibility that should be considered in the modeling. Thus, a linear
rotational spring in series with flange joint spring was adopted to re-
produce the behavior of connection between CT and its support. The
stiffness of flange joint and insulator is calculated through Equations
(6)-(11). In order to estimate the stiffness of the spring representing the
steel box, the modal analyses are performed on CT assembly without
the supporting structure, and the spring stiffness is adjusted so that the
natural frequency of analysis to be identical with the one declared by
the provider (3.80Hz without steel support). The total stiffness

Table 1

Structural parameters of surge arrester.
Position of porcelain unit Top Bottom
Weight (N) 2530.98 2530.98
Height (m) 1.88 1.88
Concentrated mass at top (kg) 82.6 44
Concentrated mass at bottom (kg) 32 76.5
Young ‘s modulus of porcelain, E; (Pa) 9 x 10'° 9 x 10'°
Inner diameter, d (m) 0.353 0.353
Outer diameter, D. (m) 0.37 0.37
height of cement, h, (m) 0.09 0.09
Thickness of cement, t. (m) 7.5x107% 7.5 x 1073
flange joint stiffness, K. (N m/rad) 13.55 x 10° 13.55 x 10°
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calculated for the series spring along with other structural specifica-
tions of CT are listed in Table 4. It should be noted that the mass of oil
inside the ceramic column along with the mass of ceramic column are
considered as the uniformly distributed mass, and the amount of oil
accumulated at top reservoir is treated as the lumped mass.

The lattice steel structure is used as the support for the CT. This
structure is composed of four columns joined together at top through
four beams. Also, the diagonal braces along the length of columns
provide lateral stiffness for the structure. In addition, a steel plate is
located on beams and connected with bolts. Due to the relatively high
thickness of plate, it is treated as rigid diaphragm in the numerical
model. The geometric configuration of structure and section of ele-
ments are presented in Fig. 2 and Table 2, respectively.

3.4. Circuit breaker

As shown in Fig. 1lc, the considered CB is consisted of a ceramic
column with two vertically connected insulators and two horizontal
chambers which are connected to column through flange joint. Two
horizontal capacitors are also attached to each side of chambers. Si-
milar to CT, CB rests on a lattice structure, and a cabinet as the house of
electrical component is laterally linked to top of the supporting struc-
ture.

The regression relations (Equations (6)-(11)) are employed here to
estimate the structural parameters. Capacitors and cabinet are assumed
as nonstructural component and modeled as lumped mass. The stru-
cural characteristic of CB and supporting structure are listed in Table 5
and Table 2, respectively.

The study CB has similar configuration to one investigated in Ref.
[34] with sveral differences in geometry of equipment and supporting
structure. Hence, the frequency results of this study are compared with
those evaluated here. As reported in Table 3, the natural frequency of
CB is 2.02 Hz, which is almost consistent with 2.38 Hz achived in Ref.
[34]. This slight difference can be atrributed to the little difference in
the configuration.

3.5. Disconnect switch

The study high-voltage DS is composed of three posts entitled as
fixed, jaw and rotating posts based on the electrical performance. Each
post includes three ceramic columns. Fixed and jaw posts are installed
on steel spacers, while rotating post is mounted on rotor bearing, as
shown in Fig. 1d. An hinge assembly connects fixed posts to the rotating
ones which in turn are connected to jaw post through switch blade
([7,35]). The entire assembly of DS is mounted on a supporting frame.

As mentioned before, the connection of each post to supporting
structure is different from one another because of electrical require-
ments, and is also different from middle flange joint. To determine the
bending stiffness of these connections, the experimental frequency
evaluation test is required which has been conducted on each post at
separate tests. On the other hand, to the best of the authors' knowledge,
there is no experimental study that can satisfy these criteria for the
400 kV disconnect switch. Therefore, the test conducted in Ref. [7] on
the 230KkV disconnect switch is utilized here, which has almost iden-
tical dimension to two upper insulators of each 400kV post. After
constructing a numerical model for each test, the frequency evaluation
is performed and the connection stiffness is adjusted to reproduce the
natural frequency identical to the test. Although the bottom units of
400 kV posts have slightly larger dimension than the ones of 230 kV
posts, it is assumed that the stiffness adjusted for the spacers and rotor
bearing is applicable to 400 kV DS. It should be noted that due to the
smaller dimension of two upper insulators of each post than the
minimum allowable range of regression relations (Equations (6)-(11)),
the test on the assembly of ceramic insulator and flange joint in Refs.
[3,7] is also utilized here to determine the stiffness of middle flange
joints and the rigidity of insulators. The structural parameters needed
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Table 2
Key parameters of supporting structure for each equipment.

Soil Dynamics and Earthquake Engineering 125 (2019) 105733

Item Column section Beam section Brace section Height Young's modulus

Surge arrester C400 x 10 - - 2.85m 2 x 10° MPa

Current transformer L80 x 80 x 8 L100 x 100 x 10 L50 x 50 X 5 3.14m 2 x 10° MPa

Circuit breaker L80 x 80 x 8 L100 x 100 x 10 L50 X 50 x 5 2.74m 2 x 10° MPa

Disconnect switch 190 x 90 x 7 L65 x 65 X 7 L50 x 50 x 6 3.18m 2 x 10° MPa
Table 3 Table 6
Modal frequency of equipment. Structural parameters of disconnect switch.

Item Mode1l Mode2 Mode3 Mode4 Mode5 Position of porcelain unit Top Middle Bottom

Surge arrester 4.45 4.45 19.85 19.85 43.2 Weight (N)* 575.45 770.08 1062.23

Current transformer 3.64 3.64 22.38 22.58 106.68 Height (m) 1.14 1.14 1.14

Circuit breaker 2.02 2.32 3.54 6.58 14.63 Concentrated mass at top (kg)® 235 10 10

Disconnect switch 1.44 1.45 2.65 18.33  18.94 Young's modulus of porcelain (Pa) 10 x 10'° 10 x 10*° 10 x 10*°

Four-connected equipment 1.77 2.62 2.96 3.33 3.93 Inner diameter (m) 0.117 0.13 0.146

system Outer diameter (m) 0.172 0.197 0.23
joint stiffness of fix post (N m/rad) 1.85 x 10° 1.85 x 10°  0.39 x 10°
joint stiffness of rotating post (N m/rad) 1.85 x 10° 1.85 x 10°  0.31 x 10°
Table 4 joint stiffness of jaw post (N m/rad) 1.85 x 10°  1.85 x 10°  0.39 x 10°
Structural parameters of current transformer.
P @ Values for one post are reported here.
Direction of porcelain unit vertical
Weight 00) 610375 which are listed in Table 2. The modal analysis results of this equipment
eig] . . .

Height (m) 3.46 as other ones are summarized in Table 3.

Concentrated mass at top (kg) 953.92

Young's modulus of porcelain, E, (Pa) 10 x 10*° =

Inner diameter, d (m) 0.442 3.6. ngld bus conductor

Outer diameter, D, (m) 0.48

height of cement, h, (m) 0.12 Despite the linear and brittle behavior of equipment, the inter-

Thickness of cement, t. (m) 125 x 1072

flange joint stiffness at top (bottom), K. (N m/rad) 24.19 (11.04) x 10°

for modeling the DS are presented in Table 6.

The modeling procedure is the same as previously described
equipment with some differences. Each individual post, in addition to
the spacers, is bolted to two channel sections (UNP 150 X 65 X 7) and
then mounted on the frame. Due to the influence of these elements on
flexibility, they are modeled as linear beam-column elements.
Moreover, the switch blade and hinge assembly with circular 100 x 5
steel pipe and 100 x 100 X 6 steel box sections, respectively, are also
presented through the beam-column elements. In case of switch blade,
at the end connected to rotating post, the moment is released for the in-
plane rotation of DS, while the moment is released for both in-plane and
out-of-plane rotations at the other end. In the hinge assembly, the both
ends are considered moment-released only for the in-plane rotation [7].
The support frame, as shown in Fig. 2d, is composed of angle sections

mediate conductor is usually composed of ductile connector which can
dissipate energy during the seismic excitation. The BS-rigid bus as-
sembly used to connect equipment to each other consists of an alu-
minum pipe and a bus slider at one end. As seen in Fig. 3a, the bus
slider includes two pairs of looped cable which is welded on the pipe
from one side and attached to terminal pad from other side, a bulged-
end shaft that slides into pipe, and a terminal pad connecting equip-
ment to conductor. The cables produce the elastic-resisting force and
the shaft generates the friction force in contact with the inner surface of
pipe when the equipment moves relative to each other. Thus, a com-
bination of elastic and Coulomb-type friction behavior occurs, which
produce flexibility and dissipation capability for the conductor [9].
When the slider displacement limit exceeds in compression, the contact
occurs between the pipe and the equipment, and when exceeds in
tension, the shaft slides out from the pipe. The stroke capacity of bus
slider in both tension and compression is measured as 8.89 cm in cyclic
test in Ref. [9]. In this study, the improved bus sliders with larger stroke
capability containing the stopper are not utilized for preventing the

Table 5

Structural parameters of circuit breaker.
Position of porcelain unit Vertical Horizontal

Top Bottom Left Right

Weight (N) 1384.78 1552.82 3757.72 3757.72
Height (m) 1.6 1.7 - -
Length (m) - - 1.9 1.9
Concentrated mass at top (kg) 5 5 - -
Concentrated mass at bottom (kg) 5 490 - -
Concentrated mass at left (kg) - - 110 110
Concentrated mass at right (kg) - - 110 110
Young ‘s modulus of porcelain, E;, (Pa) 10 x 10'° 10 x 10'° 10 x 10'° 10 x 10'°
Inner diameter, d (m) 0.328 0.333 0.401 0.401
Outer diameter, D, (m) 0.342 0.348 0.441 0.441
height of cement, h, (m) 0.12 0.12 0.09 0.09
Thickness of cement, te (m) 125 x 1073 125 x 1073 125 x 1073 125 x 1073
flange joint stiffness at top (bottom), K. (N m/rad) 5.51 (10.93) x 10° 10.93 (13.61) x 10° 10.55 x 10° 10.55 x 10°
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Fig. 3. (a) Schematic of BS-rigid bus assembly and bus slider (b) comparison
between hysteretic cycles of experiment in Ref. [9] and those of numerical
model in this study.

pullout of shaft.
The results of quasi-static cyclic test on the bus slider conducted in
Ref. [9] at UCSD is served to construct a numerical model. The

Soil Dynamics and Earthquake Engineering 125 (2019) 105733

specimen was tested under the given displacement history in the axial
direction of pipe. Displacement transducer and load cells of test ma-
chine were used to obtain the force-displacement hysteresis loops. The
movement of shaft outward and inward the pipe is considered as the
negative and positive displacement, respectively. As can be seen in
Fig. 3b, the bilinear hysteresis curves are observed during the test. The
preliminary force and displacement for the slide to begin is estimated as
240N and 0.0203 cm, respectively. The post slip stiffness induced by
elastic flexural deformation of cables is measured as 15 N/mm [9].
According to these parameters, Steel01 was used in an axial spring to
reproduce this nonlinear behavior. The reason for choosing this simple
model is that it is very complicated to construct a finite element model
representing the coupled behavior of elastic and coulomb friction. The
dependence of friction force on the shaft alignment causes this com-
plexity, which is usually impractical to measure in the field conditions
[12]. Another idealization is that the behavior of BS beyond its stroke
limit is not considered in the numerical model. The absence of a test
going beyond the displacement limit or a detailed finite element model
accounting for the impact between BS-rigid bus assembly and equip-
ment for verifying the numerical model was the reason for this sim-
plification assumption. The influence of this assumption on the fragility
results is discussed in section 5.2.

The hysteretic cycles of BS numerical model are compared with the
experimental results in Fig. 3b. As can be seen, a satisfactory level of
accuracy was achieved. Note that this model accounts for all material
and geometric nonlinearities involved in BS, because its hysteretic cy-
cles are adopted based on the experimental tests.

3.7. Validation of nonlinear time history response

In this section, the nonlinear time history response of BS-rigid bus
assembly is validated. To the best of the authors' knowledge, there is no
shaking table test on real device interconnected by BS. The test carried
out on two vertical steel beams interconnected by BS-rigid bus assembly
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Fig. 4. Comparison between displacemnt time history of test in Ref. [11] and present study for (a) soft and (b) stiff beam in connected system.
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Fig. 5. Numerical model of interconnected system of equipment.

is served here for the accuracy evaluation. In order to develop the
numerical model of test, a simple linear BeamColumn element is uti-
lized to represent the beams and bilinear spring adjusted to model the
BS. Then, according to test sequence called RB-79 [11], the modified
version of Tabas (1979, Iran) ground motion recorded on the shaking
table is imposed on the model in the axial direction of bus bar. The
comparison between displacement time histories at top of each beam in
numerical analysis and the corresponding ones in experimental test is
illustrated in Fig. 4. A relatively high level of matching between the
responses indicates the adequacy and accuracy of considered model for
the BS to predict the nonlinear time history response.

As shown in Fig. 5, the connection between equipment is estab-
lished. The order of equipment and their spacing are selected based on a
substation data in Tehran. The modal analysis is conducted on the
whole connected system. As is obvious from Table 3, the natural fre-
quency of connected system falls between natural frequencies of
equipment in the unconnected configuration. The similar phenomena
are also observed in Ref. [9]. In the next section, the results of dynamic
analysis on stand-alone and interconnected configuration of equipment
are presented.

4. Analysis
4.1. Ground motion input

Far-field ground motion suite of FEMA P695 [36] was chosen as the
input to be applied on equipment models given in previous section.
Owing to the cantilever nature of insulators, the vertical component of
ground motions was also considered in each set [19]. Due to the ab-
sence of vertical component of one ground motion set, it was removed
from the suite and a total of 21 ground motion sets remained. These
records were scaled from 0.1 g to 1.5 g to be appropriate for IDA.

4.2. Time history analysis

Nonlinear time history analysis was conducted by employing
Newmark time-integration method. Norm displacement increment with
1.0e-8 tolerance and 100 maximum iterations is used as convergence
test. It is concluded that these values lead to the convergence for all
considered records. Also, based on IEEE 693 recommendation, 2%
damping ratio is assumed for each equipment [25].

As reported in previous studies ([1,2,19,27]), the most common
failure mode is related to the stresses induced by the bending moment
at bottom of equipment where it is connected to the supporting struc-
ture. On the other hand, if the relative displacement between

equipment exceeds the displacement capacity of bus slider, the con-
nector losses its flexibility and large forces transfer between the
equipment. Thus, the stress at bottom of insulators and the displace-
ment on top where they connect to adjacent equipment are recognized
as the key response parameters and are recorded during the analysis.

It is assumed in the analysis process of interconnected equipment
that the loss of functionality of each equipment (i.e., reaching 50% of
ultimate strength) occurs before the complete collapse of other ones.
Therefore, the connection remains between the equipment until the loss
of functionality of all of them. This assumption is made due to the
uncertainties involved in the estimation of collapse as discussed in
section 2.2. Also, unknown impact of collapsed equipment on the ad-
jacent ones was another reason for this assumption.

5. Results and discussion
5.1. Effect of interaction on responses

To investigate the effect of interaction on the responses, as in Ref.
[4], the response ratio is defined as follows

max u(t)|
max |uo(1)| 12)

where uy(t) and u(t) denote the response of equipment at the un-
connected and connected systems, respectively. The response ratio
equal to 1 indicates that there is no interaction effect between the
equipment, whereas the values larger and smaller than 1 demonstrate
the amplification and de-amplification of responses, respectively, due to
the presence of intermediate conductor.

Taking surge arrester as an example, Fig. 6 represents the dis-
placement and stress response ratios as a function of PGA for each
ground motion set before reaching the displacement limit of bus slider.
The truncated results are due to the modeling assumptions described in
section 3.6. As seen in Fig. 6, some ground motions cause the amplifi-
cation of response, while others lead to the suppression. This indicates
the complexity of connected system of equipment when more than two
equipment are connected together, which is the case for real substa-
tions. Moreover, there is a significantly high discrepancy between the
response ratios at each intensity level. For instance, at PGA level of
0.1 g, the displacement response ratios range from 0.4 to 1.4. Never-
theless, this discrepancy is slightly reduced with the increase in the
intensity. This is because of the difference between the ground motions
characteristics, which reveals that extensive analyses are required to
accurately determine the response ratio for each equipment. These ra-
tios may be used for the seismic design of new equipment, which
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Fig. 6. Response ratios of (a) displacement and (b) stress for surge arrester versus intensity measure.

accounts for the interaction effects without the need to consider ad-
jacent equipment.

As seen in Fig. 6, the variations of response ratios are large at low
intensity level for each ground motion, while these variations may be
smoother as the intensity level is increased. Furthermore, In the case of
ground motions caused amplification, the response ratios approach to
1, when the PGA level is increased. These can be attributed to the high
stiffness of rigid bus assembly before the shaft slides at low intensity
level and to the increase in the energy dissipation capability of BS as the
intensity measure is increased. They are consistent with the conclusion
drawn in Ref. [11].

The comparison of Fig. 6a with Fig. 6b indicates that in the case of
each individual ground motion, the response ratios are not the same for
the displacement and stress responses.

Fig. 7 compares the distribution of response ratios between equip-
ment at PGA level equal to 0.1 g in the box plot. There is a greater
variability in CB and DS compared to SA and CT. This can be attributed
to the configuration of CB and DS which are more complex than the
cantilever-like equipment such as SA or CT. Therefore, the variations of
ground motion characteristics such as frequency content have more
influence on the interaction results of equipment where the contribu-
tion of higher modes is considerable. Similar to SA whose results were
mentioned above, absolute amplification or de-amplification is not
observed for other equipment. In other words, the maximum ratios of
all equipment are larger than 1 and the minimum ratios are smaller
than 1. The comparison between Fig. 7a and b reveals that the ampli-
fication of stress responses are severe than that of displacement re-
sponses for all equipment except for the surge arrester.

For the displacement range allowed by the BS, the results reveal that
on average, the energy dissipation capability of BS contributes to the
reduction of negative interaction effects. While cable-connected
equipment with low level of slack usually creates severe interaction
effects and high transfer of force between the equipment as indicated in
previous studies ([10,15,16]). Increasing the slack of cables for redu-
cing the interaction effects may violate the clearance requirement of
electrical equipment. However, the slider displacement capacity can
simply be increased by increasing the shaft length without any influ-
ence on the clearance. These results show some advantages of BS over
cables as conductor.

5.2. Equipment fragility

In order to show the procedure described in section 2.2 for gen-
erating the fragility curves, the maximum stresses at bottom of DS
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Fig. 8. (a) Maximum stress at bottom of DS post insulators versus PGA (b) fitted fragiliy function along with cumulative distribution data.

insulators as a function of PGA are depicted in Fig. 8a for the suite of
ground motions. Also, the IM; values are demonstrated in this figure
where each ground motion exceeds the damage state threshold. To
determine the cumulative probability of exceedance at each IM;, the
number of records causing exceedance at lower intensity levels is di-
vided by the total number of records. Fig. 8b shows the obtained values
along with the fitted lognormal distribution by Equations (2) and (3).
The relatively close agreement depicts the suitability of selected
method for the fitting. Furthermore, as can be seen in Fig. 8a, the re-
latively small dispersion of maximum stress given PGA implies the
suitability of PGA as an intensity measure for IDA analysis [37]. This is
also the case for other equipment where the stress responses are not
shown here for the sake of brevity.

Figs. 9-12 illustrate the fragility curves generated for the surge ar-
rester, current transformer, circuit breaker, and disconnect switch in
the connected and unconnected configurations. Considering the con-
ductors leads to the increase in the vulnerability of DS; however, for
other three equipment, accounting for the connection between the
equipment results in the reduction of vulnerability. The reduction in the
vulnerability of three out of four equipment in the connected condition
may be related to the high damping capacity of bus slider. Another
reason is perhaps the movement restriction induced by the conductors
especially at out-of-plane direction of conductors.

The fragility parameters for the equipment in the stand-alone and
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Fig. 9. Fragility curves of surge arrester in unconnected (U) and connected (C)
systems.
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Fig. 11. Fragility curves of circuit breaker in unconnected (U) and connected
(C) systems.

interconnected system are listed in Table 7 and Table 8, respectively.
The comparison of median values reveals that accounting for the in-
teraction has the most influence on the CB reduction by about 19% and
DS increase by about 13%. The CB in stand-alone configuration and the
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Table 7
Fragility curve parameters for equipment in stand-alone configuration (un-
connected): 0: median (in g) and f3: standard deviation.

Equipment Moderate Severe
6 B 0 B
Surge arrester 0.27 0.37 0.54 0.36
Current transformer 0.30 0.34 0.60 0.34
Circuit breaker 0.06 0.45 0.11 0.45
Disconnect switch 0.28 0.49 0.57 0.49
Table 8
Fragility curve parameters for equipment in bus slider-connected system
(connected): 6: median (in g) and f: standard deviation.
Equipment Moderate Severe
0 B 0 B
Surge arrester 0.29 0.32 0.58 0.32
Current transformer 0.34 0.30 0.69 0.30
Circuit breaker 0.07 0.37 0.13 0.32
Disconnect switch 0.24 0.44 0.49 0.44

CT in interconnected system depict the highest and smallest fragility,
respectively. SA has more vulnerability than DS in the stand-alone
configuration, while this order is reverse in the interconnected system.
The median value of PGA for SA is about 4% smaller than that for DS in
the unconnected configuration. However, the median value of PGA for
DS is 19% smaller than that for SA in the connected configuration.
These results indicate that considering the interaction between the
equipment may alter the vulnerability order of equipment, which is
important for the utility managers who want to decide on the prior-
itization of equipment for retrofitting. Comparing dispersion para-
meters () shows the decrease in the case of connected equipment re-
lative to the unconnected ones.

As mentioned in section 3.6, the assumption made for the modeling
of interconnected equipment neglects the impact caused by the viola-
tion of BS displacement limit. In order to examine the effect of this
assumption on the fragility results, the maximum relative displacement
between two adjacent equipment is plotted against PGA in Fig. 13. In
case of each record, this curve is continued up to PGA level where the
loss of functionality occurs for the both adjacent equipment. Obviously,
the failure of functionality occurs before reaching the displacement
limit of BS. Thus, this assumption has no effect on the fragility functions
developed here. It is also worth noting that if the displacement of

12
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Fig. 13. IDA analysis results of relative displacement between (a) LA and CT (b)
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conductors goes beyond capacity during the seismic excitation, the
interaction effects may be more intensive than what is observed in the
present study. The non-occurrence of this phenomena before the failure
of functionality can be attributed to the relatively low difference be-
tween the frequencies of interconnected equipment.
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Fig. 14. Comparison of fragility curves of severe damage states for equipment items in stand-alone configuration (a), and in bus slider-connected system (b) with

each other.

According to equipment catalog, the ultimate resisting force of
terminal pad that connects the BS to the equipment is about 3000 N. As
is obvious from BS cyclic curves in Fig. 3b, the induced forces in BS
when reaching to the displacement limit (i.e., 8.89 cm) are lower than
1500 N. Therefore, it can be deduced from Fig. 13 that severe damage
state occurred before the pad failure.

Fig. 14 compares the vulnerability of equipment with each other at
the connected and unconnected systems. CB was the most fragile
equipment in both cases. The large difference between the vulner-
abilities of this equipment in comparison with others can be attributed
to the large concentrated mass with the eccentricity relative to main
insulator column, which is not the case for other equipment. This result
could not be obtained if SDOF system was used to model the equipment.
For the unconnected case, DS was the second most vulnerable equip-
ment at lower intensity level, which was replaced with SA at PGA levels
higher than 0.5 g. This replacement occurs at higher PGA (0.9 g) for the
connected case. CT is the least fragile equipment in the connected case,
whereas it is replaced with DS at the intensity levels higher than 0.7 g in
the unconnected case.

5.3. Comparison with other studies

In order to investigate the difference between the fragility curves
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Fig. 16. Comparison of generated fragility curves for severe damage state of
disconnect switch with HAZUS [18].

presented here and those proposed in previous studies, the fragility
curves of circuit breaker and disconnect switch are compared with
those of Zareei et al. [19] and HAZUS [18] in Fig. 15 and Fig. 16, re-
spectively. In the first study, the analytical fragility curve of circuit
breaker is proposed according to its stand-alone configuration. As can
be seen in Fig. 15, the fragility results proposed here for the stand-alone
circuit breaker have more agreement than the bus slider-connected
circuit breaker, particularly at high intensity levels. Note that this se-
paration can be justified by the difference between the configurations of
two equipment. On the other hand, the fragility curves proposed by
HAZUS for the equipment are based on the observation of damages at
substations in previous earthquakes and thus, the conductors between
the equipment may influence on their vulnerability. Also, due to the
high diversity of equipment and conductors of the considered substa-
tions, the proposed vulnerability functions are probably a rough esti-
mate of actual ones. As is obvious from Fig. 16, the median of bus
slider-connected disconnect switch is almost equal to the one proposed
by HAZUS. However, owing to the high dispersion of HAZUS functions,
this agreement is not made at other intensity levels. This high disper-
sion can be attributed to the real uncertainty considered in HAZUS.

5.4. Accuracy of fragility curves

As described in section 2.3, the Monte Carlo approach was utilized
to examine the efficiency of fragility parameters. A set of 10,000 si-
mulations was conducted each one including a set of 21 numbers of
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Table 9
Standard error of considered accuracy metrics for stand-alone equipment items.
SA CT CB DS
DS1°  DS2” DS1 DS2 DS1 DS2 DS1 DS2
COV of 6 (%) 7.99 7091 730 730 9.83 9.89 10.73 10.82
COV of B (%) 15.88 16.04 15.88 16.06 12.21 15.55 15.96 16.36
COV of Aggiture (%) - 18.51 - 17.59 - 23.63 - 27.47
Bias 6 (%) 0.42 0.43 0.32 0.33 0.85 0.60 0.44 0.54

2 DS1 is corresponding to moderate damage state.
> pS2 s corresponding to severe damage state.

synthetic structural analysis data. Thus, 10,000 estimations of fragility
parameters (i.e., 6 and §) were at hand, which are used to calculate the
efficiency metrics. Two metrics considered similar to Ref. [23] are:

1) Coefficient of variation (COV) of simulated fragility parameters and
annual rate of failure for a given hazard curve.

2) Difference between mean of simulated parameters for 6 (i.e., median
of fragility curve) and original one.

When the bound of parameter estimations (i.e., standard deviation)
is narrower, the accuracy of estimation is higher. The higher level of
accuracy means that the parameter estimation is more stable, in spite of
the record-to-record uncertainty involved in the analysis. On the other
hand, if the mean of estimated parameters from the simulation differs
from the true ones, the model is biased, indicating that the estimated
fragility parameters are unstable. This can be decreased by increasing
the number of ground motion in IDA [23].

Table 9 and Table 10 summarize the computed metrics of two da-
mage states for the equipment in the stand-alone and connected sys-
tems. The calculation of Agyr. is based on the procedure described in
section 2.4 and the hazard curve shown in Fig. 18. The COV of medians
is lower than 10%, and the bias of this parameters is less than 1% for all
considered cases. These ranges are recommended by Ref. [23]. Thus, all
the developed fragilities have acceptable level of accuracy. Taking into
account the first metric reveals that the fragility function of CT in the
connected system including the lowest COVs has the most accuracy,
while the DS function has the least accuracy. This is probably because
of the higher dispersion of responses for DS in comparison with other
ones.

5.5. Various interconnected systems

As is known, in all substations, several equipment is connected to
each other. To explore how many interconnected equipment can have a
substantial impact on the vulnerability of equipment, different con-
nected systems are considered for each equipment item, and the fra-
gility functions are generated for each system. Fig. 17a—d shows these
functions for various systems of each equipment. The legend of the
figures denotes what equipment is connected together. Also, the modal
frequencies of connected systems are reported in Table 11. Although
the studied systems are limited, some observations discussed below can

Table 10
Standard error of considered accuracy metrics for interconnected equipment
items.

SA CT CB DS

DS1 DS2 DS1 DS2 DS1  DS2 DS1 DS2
COV of 6 (%) 7.00 7.03 652 653 808 6.89 9.65 9.59
COV of B (%) 1591 16.11 15.82 16.04 7.94 11.00 16.01 16.19
COV of Agaiture (%) - 18.51 - 17.59 - 23.63 - 27.47
Bias 6 (%) 028 028 022 024 086 041 054 0.56
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be made.

Fig. 17a and b demonstrate that when DS or CB is connected to the
systems, the vulnerability of equipment is considerably changed. This
can be attributed to the contribution of other modes rather than first
mode to the responses of these equipment due to their configuration.

For the equipment similar to SA and DS (Fig. 17a and d), which are
placed at the end of the systems and other equipment is connected only
from one side, only the nearest equipment has a substantial effect.
Therefore, the connection to other equipment can be neglected in the
analysis. In the case of SA, all types of connected systems cause to
decrease in the vulnerability. However, considering all kinds of systems
in conjunction with DS leads to the increased fragility.

In case of the equipment like CB and CT, which are connected to
other equipment from both sides, considering the connection only
through one side may overestimate or underestimate fragility function.
For example, in case of CT, taking into account the connection only
with SA leads to the slight increase in its vulnerability, while con-
sidering the interaction only with CB results in the decrease in its
vulnerability (Fig. 17b). Similarly, in case of CB, the connection with CT
causes higher fragility at high intensity levels, whereas the interaction
with DS leads to the reduction of fragility (Fig. 17c). Thus, it may be
nonconservative to consider only two connected equipment. This is in a
good agreement with the results in Ref. [16] which investigated the
cable-connected equipment. For the equipment located in the middle of
systems, it is recommended to consider the connection to both adjacent
equipment.

The indirectly connected equipment can be neglected in the analysis
if the contribution of higher modes to their response is small. These
results are more important when they are intended for the loss esti-
mation of entire substation, and it may not be computationally feasible
to consider all of the equipment connected to each other.

6. Failure probability evaluation

In previous sections, the comparison between the vulnerabilities of
equipment was dependent on the intensity measure. In order to have an
overall view, the failure fragility curves are coupled with the seismic
hazard curve throughout the range of intensity measures, which yields
an estimation of failure probability independent of IM. Therefore, the
effect of each intensity level according to their weight in the hazard
curve is incorporated in the fragility results. For example, the seismic
hazard curve of a site in Tehran, which is produced in Ref. [38], is
presented in Fig. 18 and Equations (4) and (5) are employed to compute
the probability of failure of equipment in 50 years. Table 12 presents
the failure probabilities for each equipment in the stand-alone and four-
connected-equipment configurations. Although the order of vulnerable
equipment is not changed for this particular hazard curve owing to the
presence of conductors, the probability of failure of CT and DS is re-
duced by 30% and increased by 22%, respectively, which confirms the
importance of considering the conductor between the equipment.

7. Conclusions

This paper investigates the seismic response of various connected
equipment relative to the stand-alone ones when more than two
equipment is connected to each other. Three dimensional models are
used to represent the equipment. The fragility functions are produced
for the equipment in both connected and unconnected configurations.
Based on this study, the following conclusions can be drawn:

e The response ratios of equipment in connected systems to un-
connected ones are highly dependent on the ground motion char-
acteristics. For example, the displacement response of SA shows the
amplification by 40% when subjected to Chi-Chi (1999, Taiwan)
record. However, the suppression of response by 60% is observed
when subjected to Northridge (1994, US) ground motion.
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Fig. 18. Hazard curve of a typical site in Tehran [38].

The variations of ground motion characteristics such as frequency
content result in further variation in the response ratio of equip-
ment, whose contribution of higher modes to the responses are
notable.

For the displacement range allowed by the BS, on average, con-
sidering the connection between the equipment reduced both the
displacement and the stress responses due to the high energy dis-
sipation capability of bus slider. However, this pattern may be

Table 11

Frequency results of connected systems.
item Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
SA-CT 3.64 3.79 4.4 10.88 19.7
CT-CB 2.55 3.16 3.66 4.9 6.22
CB-DS 1.75 2.3 2.52 2.96 5.89
SA-CT-CB 2.55 3.26 3.66 4.39 4.91
CT-CB-DS 1.77 2.62 2.88 3.33 3.94
SA-CT-CB-DS 1.77 2.62 2.96 3.33 3.93

Table 12

Probability of failure in 50 years for unconnected (U) and connected (C)
equipment systems.

Equipment item

Probability of failure in 50 years (%)

SA-U
SA-C
CT-U
CT-C
CB-U
CB-C
DS-U
DS-C

5.44
4.48
4.24
2.97
77.63
57.48
6.16
7.50

changed if the bus slider goes beyond its capacity during the ex-

citation.

e In the case when ground motions cause the amplification of re-
sponses in the connected systems, the increase in the intensity level
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results in the reduction of interaction effect. This can be attributed
to the high energy dissipation capability of bus slider at large in-
tensity levels.

The interaction between equipment has a significant effect on their
fragility. For instance, it leads to the increase in probability of
failure of DS by 22% and the decrease of CT by 30% for a substation
site in Tehran. Therefore, the reliable seismic risk evaluation of
substations requires the consideration of conductor effects.

The effect of interaction on fragility may vary depending on the
dynamic characteristics of the equipment and those to which are
connected, even those that are indirectly connected.

In spite of almost equal large concentrated mass on top of both CB
and CT, the significant difference between their vulnerabilities may
be attributed to the eccentricity of CB lumped mass relative to its
main insulator, which increases the contribution of torsional modes.
This result cannot be observed by modeling the equipment as SDOF
systems, and it reveals the importance of 3D modeling of equipment.
In the unconnected conditions, the median parameter of fragility
function for SA was about 4% smaller than that for DS, while in the
connected conditions, the median parameter of fragility function for
DS was 19% smaller than that for SA. This change in the order of
more vulnerable equipment reveals the significance of considering
the interaction for the retrofit prioritization.

Comparing the vulnerability of individual equipment in various
three- and four-connected equipment systems demonstrated that
accounting for non-adjacent equipment in vulnerability assessment
is required when the contribution of higher modes to its response is
significant.
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