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Toppling of Rigid Electric Equipment during
Earthquakes

Miguel A Jaimes?® and Gabriel Candia”

ABSTRACT

This study presents a general formulation for timgptisk assessment of rigid
electrical equipment during earthquakes. The seisgsponse, toppling fragility
functions and toppling risk were examined for thrgees of support conditions,
namely: 1) equipment simply supported on the fotinda2) equipment anchored
to the foundation; and 3) equipment supported seismic base isolator. Because
empirical fragility functions for overturning equient remain insufficient, the
present study relies on numerical analysis andlid ghysical background to
compute risk. These results should aid designethanselection of appropriate
support conditions or mitigation measures for rigldctric equipment in seismic
prone regions.

As an example, the toppling risk methodology isspréed using Mexican
seismicity and a set of nine electrical equipmemtiimonly used throughout
Mexican power stations, with heights between 3%ng covering an ample range
of frequency parameters (1.54< 2.16 rad/s), and block dimensions (1.58 R <
< 2.49 m). Further, the effects of site-to-sourctstashce for sites located on firm
soil are studied in detail, as the frequency canténthese ground motions differ
significantly and play a key role in the topplinglnverability of the blocks. The
study shows that the reliability index increasesatonically with increasing block
aspect ratio and block size for the nine equipraendtthe three support conditions
studied. This investigation also demonstrates tiatreliability of free-standing
equipment due to near-source ground motions idtbfichigher than that of
anchored equipment or base isolated equipmentontrast, for far-field ground
motions, the reliability for anchored equipmenslightly higher than that of free-
standing or base isolated equipment.
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1. INTRODUCTION

Recent seismic events show that electrical powantplare highly vulnerable to service

disruption resulting from overturned or collapseglipment such as transformers, control
stations, and other heavy equipment (Figure 1)eGasdies of power plant failures during

earthquakes (e.qg., [1-3]) show that the collapsel@dtrical equipment causes not only direct
economic losses due to the repair/replacement obstamaged equipment, but also indirect
socio-economic impacts as a consequence of powageu-or instance, the collapse of circuit
breakers and transformers during the 1999 Izmthgaake, Turkey [3] led to direct loses of

$70 million and power disruption over a vast regibikewise, severe damage on numerous
500 kV switchyards during the 1989 Loma Prietaleprake, U.S. [1] caused direct loses of
$4.9 million.

(R 1

(a) - . :
Fig. 1.(a) Collapse of anchored electrical equipment dytfire 1971 Mw 6.6 San Fernando Earthquake
[4], and (b) toppled transformer during the 1999 M Izmit earthquake, Turkey[5].

During the Mw 8.0 1995 Colima-Jalisco earthquak®&lgxico, the Manzanillo Power Plants
1 and 2 were severely shaken [2]. The most crititzahage was observed at the Plant 1
switchyard, where several ceramic columns thatetpipe disconnect switches collapsed, and
9 out of 22 circuit breakers had to be replacetepaired. Other damage to Plant 1 included
the overturning of three potential transformergnlag and cracking of ceramic columns,
disconnected conductors, and leaks of insulatungdlin several transformers. However, none
of the transformers had to be replaced, and repars inexpensive. At the Manzanillo Plant
2, the ceramic columns of two potential transforsnaullapsed, and the columns of several
disconnect switches were fractured. Approximatel§%02 of the transformers needed
replacement of their ceramic base seals. Direch@oec loses from this earthquake were
estimated in US$93.5 million [6], of which approxtely 11% corresponds to direct losses in
the electric power supply; which was interrupted fwre than 20 hours, affecting 243,000
people. The restitution of the energy supply walsieaed within 72 hours, which is the
maximum acceptable recovery time accepted by tieenational community [7].

More recently, on September 7th, 2017, a Mw 8 & mediate-depth normal earthquake struck
the Gulf of Tehuantepec in Chiapas, Mexico. Ithis largest earthquake in Mexico since the
Mw 8.2 Jalisco earthquake of 1932. According tdipri@ary reconnaissance information, the
earthquake caused severe damage at near-sourtteriecauch as houses, historical and world
heritage buildings, bridges, electrical substatiamsl equipment. No damage was observed on
the wind farms located in Oaxaca (approximately8&,ivind turbines), but the Mw 8.2
earthquake damaged electrical substations and 24 farms in the Istmo region had to shut
down; all electrical substations suffered damageiraiit breakers and transformers [8]. The
wind farms restarted operation at near 80% capadbitypst 70 days after the earthquake.
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Similarly, no structural damage was reported atdstade-owned Salina Cruz Refinery, the
largest refinery in Mexico with an installed capgcof 330,000 barrels per day. The
earthquake, however, induced lateral displacemamtthe 70 MW electrical generators that
power the plant [9]. As a result, the plant wast glawn as a precaution and operations were
resumed almost 2.5 months later. For more detadatedamage reported in substations during
other previous earthquakes, refer to [10].

Guaranteeing the service continuity of power stetiat all times is critical; particularly, after
severe natural disasters all components shouldneenbperating to support the emergency
response efforts and the needs of the populatibos,Tthe toppling of electrical equipment
during earthquakes and the consequences of powages) has prompted research on the
dynamic response of rigid bodies and the desigioldipse mitigation measures. Importantly,
current seismic design standards (e.g., [11-13}yide recommendations for evaluating the
overturning of equipment, generally in the formpstudo-static analyses, but do not define
collapse performance objectives explicitly, suchihaslimit of 1% probability of collapse in
50 years recommended by ASCE7-10 [14] for struttomponents.

Modelling the rocking response of rigid blocks xremely cumbersome, yet predictable in a
statistical sense [15]. Still, one of the main &rajes is to properly account for energy
dissipation and the chaotic nature of the blockoase modes (e.g., rocking, sliding, uplifting,
free flight) [16]. Nevertheless, simplified or idead models have proved successful to
understand the block dynamics due to real earthtepiakd have guided the engineering
practice in the last 50 years.

The response of free-standing rigid blocks to @& leasitation is founded on the principles of
rigid body dynamics, for which a vast body of lgtrre exists, e.g., [15-30]. After examining

the response of inverted-pendulum structures i1 86® Valdivia earthquake (Chile), Housner
[17] studied the reliability of slender blocks undgmple sinusoidal base motions and the
effects of block scale in the stability, and demuaated that given two geometrically similar

blocks, the larger one is more stable. Later, Yinale (1980) [18] developed probabilistic

estimates of the rocking response of rigid blo&s] Psycharis and Jennings (1983) [19]
analyzed the problem of rigid and semi-rigid bloskgported on a flexible foundation, in

which uplift was allowed and horizontal slip wastrained. A study about the response of
electrical equipment subjected to near-source gtauntions [20] concluded that although

both large and small blocks are sensitive to loagation pulses, the toppling of small blocks
is more sensitive to acceleration pulses of shora&tibn (high frequency), whereas larger
blocks need a larger duration pulse to overturnteMecently [21], closed form solutions were
developed for a free-standing rectangular blockiezued to generalized half-cycle pulses
using linearized equations of motion. This studyesed complex behavior patterns and
provides a simple expression to distinguish safenfoverturning block response. The work
by Cimellaro et al., (2014) [22], proposed a sitfingdi formula that relates overturning ratios
and the ground motion intensity, using a physicaldet and real earthquake records.
Arredondo et al. (2017) [22] studied the responisaregular free standing blocks using a
simplified numerical model validated against shghkiable results.

Seismic protection measures against block overigrhiave been studied numerically and
experimentally. However, their performance duringtual earthquakes has not been
thoroughly documented. The most common mitigatiaasares include the use seismically
isolated bases [24-27] and the use of restrainmts &s bolts, cables or rubber bands [28-30].
For instance, Calid and Marletta (2003) [24] depelb behavioral maps for symmetric rigid

blocks supported on a sliding pedestal connectadsfwring-dashpot device, and Contento and
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Di Egidio (2009) [26] extended this work to non-syetric bodies. Later Vassiliou and Makris

(2012) [27], developed equations of motion for syetme blocks considering three types of

base isolation hysteresis: linear visco-elastilindsar, and trilinear. The authors developed a
closed form equation for the maximum coefficientrestitution for a block standing on an

isolated base and concluded that base isolatimois effective in relatively small blocks. The

study also concluded that large blocks subjectethdderate period pulses are significantly
more stable when they rest free on a fixed basepaosd to an isolated base, even for very
flexible isolation interfaces.

Although very attractive as a mitigation measuine, $tudy of anchored blocks has received
much less attention in the literature. Availabled#s include the use of elasto-brittle or elasto-
plastic anchors for rigid blocks supported on &didbase [28, 29], and blocks anchored to a
rocking base [30]. These studies show that restraimre more efficient in preventing
overturning of small slender blocks, and that fert&in ground motions, the restrainers can
have a detrimental effect on the seismic respoh#igedblock compared to the block without
restrainers. The model details of the base isolatpdpment and anchored equipment are
discussed in the next section.

The purpose of the present study is to evaluateséisnic toppling risk of rigid rectangular
blocks, such as transformers, power generators;ootrol cabinets, based on numerical
solutions of the governing differential equatiomsl dhe site-specific seismic hazard. Three
different equipment configurations are consideredthe analysis: 1) equipment simply
supported on a fixed base; 2) equipment fixedliase with ductile anchors; and 3) equipment
simply supported on an isolated base. The formanas applicable to any seismic region and
type of overturning equipment. As an example, #tigly uses the Mexican seismicity and
Mexican electrical equipment to illustrate the effef near-source and far-field ground
motions on the collapse fragility functions andasellity indices. Design recommendations are
provided for the type of overturning mitigation nrseee appropriate for these different seismic
environments. Finally, this study provides refeeenalues of the toppling risk for typical
electrical equipment subject to ground motions wditfierent frequency content (i.e., near-
source versus far-field ground motions), which ex@nly a function of the block’s aspect
ratio.

2. METHODOLOGY

The computation of the toppling risk of electriegjuipment consists of three basic steps: (i)
evaluation of the seismic response; (ii) developméfragility functions; and (iii) convolution
of seismic hazard and fragility functions. Thespstare briefly explained next.

2.1 SEISMIC RESPONSE OF ELECTRICAL EQUIPMENT

Three equipment configurations are consideredigmdtudy: (i) equipment simply supported
on a fixed base; (ii) equipment anchored to a fimasle; and (iii) equipment simply supported
on seismically isolated base (Figure 2). In albthcases, the ground motion acts along the
horizontal axis, the friction between the equipnmeamd the base is sufficiently large to prevent
sliding, and the block is not allowed to completégtach from the ground. The mathematical
formulation for each model is presented herein.
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Fig. 2. Schematic view of rigid electrical equipment inkimg motion: a) equipment simply supported
on a fixed base; b) equipment anchored to a fixesepand c) equipment simply supported on a
seismically isolated base

2.1.1 Equipment simply supported on a fixed base

The rocking motion of a freestanding rigid blocigufe 2(a), can be modeled as a one degree-
of-freedom system. The governing differential egquragiven by [17]

6(t) = —p? {sinA(t) + u—gcos A(t)}

g (1.1)
whered is the angular acceleration of the blopks \/3g/4R is the frequency parameter of
the blockii, is the input ground acceleratiof(t) = a sign[6(¢)] — 6(t), R is the block semi
diagonal, andr = tan~1 b/h is the block angle. For slender blocks and withia limits of
small rotations (i.e., smafl(t) values), Eqg. (1) can be linearized as shown inaign (1.2),
which can be solved analytically.

6(t) = —p? {A(t) + %"} (1.2)

When rocking motion occurs, the block impacts tlaseband the contact points alternate
between O and O’, Figure 2(a); after each impaicigtic energy dissipates at a ratio=
62/6%, whered, andé, are the angular velocities immediately before afidr the impact.
Assuming conservation of angular momentum [17], tfeximum theoretical value of is
given by

_ 3.2 1
r= [1 —5sin a] (2)
which is a function of block angle. Other sources of energy dissipation lead to snall
values.

2.1.2 Equipment anchored to a fixed base

The seismic response of anchored equipment, Fig(bg was based on the formulation
presented by Makris and Black (2002) [30]. In tmedel, anchors are modeled as elasto-



182
183
184

185
186
187
188
189

190
191
192

193

194
195
196
197

198

199
200
201
202
203

plastic elements with ultimate strengdth yield deformatiord,,, ductility capacity ratiq:, and
zero post-yield stiffness. The governing set ofatiguns for the anchored equipment is given
by

b(t) = —p? {sinA(t) + %qcos ACE) + %@Z(t) cos (g) f(H)} (3.1)
y
6,Z(t) +30®)|Z®)1Z(®)1" + BODIZ(E)|" = 6(t) = 0 (3.2)

where 6, = §,,/2b is the yield rotation of the restrainer, akd= F, /6, its pre-yielding
stiffness. The hysteretic paramefeaccounts for the non-linear behavior of the résérs,
and the shape of the hysteretic loop is given Bpac-Wen model of parametefs {, andn
[31, 32]. To account for rupture of the restrainarfracture functiorf (9) is introduced in Eq.
(3.1), such that

1 if 16| <ud,
0) = :
f6) {0 if 19(0] > u8,
Thus, if a restrainer fails, i.ef(8) = 0, the equation of motion is reduced to that ofackl

simply supported on a fixed base. Assuming conservaof angular momentum, the
coefficient of restitution for the anchored block is also given by Eq. (2).

(4)

2.1.3 Equipment simply supported on a seismicallysolated base

The base isolation solution implemented in thislgtiollows the bilinear model by Vassiliou
and Makris (2012) [27], which approximates the ayssis loops of Single Concave Spherical
Sliding (SCSS) systems. Thus, the equation of mdto a block of mass:, supported on a
SCSS base of mass,, yield displacement.,, post-yield lateral stiffnesk,, and friction

coefficientv is given by

—w2u(t) —vgz(t) — YR (é(t))z sin A(t) + yR cos A(t)p? sin A(O) (5.1)

6(t) = —p? <sin A(t) + cos A(t) g — yRp? cos? A(©)

—w?u(t) —vgz(t) — ¥R (é(t))z sin A(t) + yR cos A(t)p? sin A(t)

i(e) = L YRpZ cosZ A() — iy (8) (5.2)
g
Z(t) = ui(u(t) = Clu®lz®O1z®"* = pu®)]z®)[™) (5.3)
y

whereii is the acceleration of the isolated base relativbe groundy = m/(m;, + m), w, =

Vky/(m, +m), and the dimensionless parametér) is a Bouc-Wen model that describes
the non-linear hysteresis of the isolator. Analagtmithe fixed base and anchored models, the
block rotations on top of the isolated base ardisoaus from the point O to O’, Figure 2(c),
and the maximum theoretical energy loss ratiovemby Eq. (6) [25, 27].

+4)cot?a—-2(y+1) 2
r= (6)
(y+4)cot2a+4(y+1)
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2.1.4 Numerical integration and stopping criterion

Equations (1), (3), and (5) were integrated nunadlsian conjunction with the theoretical
factorr. These equations were written in state format, soided using an explicit™4order
Runge Kutta method [33] and a time integration stept = 10~*s. Integration was carried
over the entire length of the ground motion, oildhé block toppled, i.d8(t)| = m/2, which
is regarded as failure of the electrical equipment.

2.1.5 Validation examples

To verify the fidelity of the solution to Equatiofk), (3) and (5), three examples available in
the literature were reproduced herein. The respohaesimply supported block to a half-sine
pulse of duration 0.5 s and angular frequeagy= 2 was computed for two limiting cases
of maximum ground acceleration using the lineamfaation (Figure 3), resulting in excellent
agreement with the analytical solution reportedMakris and Roussos 1998 (refer to Figure
2 in [20]). Likewise, the response of simply sugpdrand base isolated blocks to the Jensen
Filter Plant motion, shown in Figure 4, succesgfutlatched the results by Vassiliou and
Makris 2012 (refer to Figure 12 in [27]). Finaltye response of an anchored block to the
Rinaldi Station motion closely matched the solutdtained by Makris and Zhang 2001 (refer
to Figure 14 in [29]) using two scaling factors tbe input ground acceleration, Figure 5.

1 ‘ ' ' ' v 1
(@) (b)

0.5 0.5

0l

0

0la

0

05| 1 05|

B
time (s) time (s)

Fig. 3. Rotation time history of a simply supported ritpidck (b=0.2m, h=0.6m) subjected to a half-

sine pulse (a) no overturning fBGA = 0.5535g; (b) right-overturning foPGA = 0.5545g.
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Fig. 4. Rotation time history of a rigid block (b=0.77 im5.17 m) subjected to the Fault-Normal
component of the Jensen Filter Plant Motion (PEESRI&®83) (a) no overturning of simply supported,
and (b) right-overturning of base isolated bloEk € 3 s, £ = 0.1)
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Fig. 5. Rotation time history of an anchored rigid blogk< 1m, h = 3m, F,/W = 0.4, u =5)
subjected to the fault-normal Rinaldi Station Mati®EER RSN1063) (a) no overturning for PGA
amplified by 1.18, and (b) left-overturning for P@G#nplified by 1.19.

2.2 FRAGILITY FUNCTIONS

Different methods exist for estimating probabiktief failure of rigid blocks subject to ground
shaking (e.g., [18, 34]). An incremental dynamielgsis (IDA, [35]) allows the estimation of
probabilistic indicators of seismic reliability fgiven ground motion intensities and collapse
fragility curves to any system (e.g., rocking, gliah, flag-shaped). In this study, the electrical
equipment was subjected to a set of ground motereed to identical peak ground
acceleration (PGA) values, and, at each groundispaktensity, the probability of failure
(overturning) is computed as the number of simarfetileading to collapse divided by the total
number of simulations. The cumulative distributimmction (CDF) of the ground shaking
intensityy that leads to block overturning is approximatelyriormal and can be written as

P = o[ () @

where® is the standard normal CD# js the median value of the distribution (groundiom
intensity with a 50% probability of collapse), amg,, is its standard deviation of in

The fragility functions presented herein use PG#hasyround motion intensity measure (IM),
because hazard analyses for PGA are readily alailakengineering practice and easier to
communicate to decision makers. Nevertheless daime sisk assessment scheme is applicable
to other IM’s used to predict overturning of rigoocks, e.g., [36-38], for which ad-hoc
fragility functions need to be developed.

2.3 EVALUATION OF SEISMIC RISK

The mean annual rate of equipment faildiges calculated by integrating over all possible
values the probability of equipment failuPg(y) times the rate of exceedance of the ground
motion intensity ([39, 40]) as in

di,(y)
dy

Ar = f PF<y>| |dy ®)
y

where 4,,(y) is the site-specific seismic hazard curve. Themaanual rate of equipment
failure can be conveniently expressed in term efriiability indexg [41] defined as
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B =—""(r) (9)

where® 1 is the inverse of the normal CDF (NORM.INV in ERce

3. AN ILLUSTRATIVE EXAMPLE

3.1 EQUIPMENT STUDIED

Given the large number of variables involved irsthroblem, the present study looks at
the earthquake toppling risk of nine electricalipquent blocks typically used in Mexican and
US power stations [29]. Table 1 presents the egeigrmassn and dimensions, and the
parameters of the two mitigation measures studaétthors and base isolation. These
equipment represent typical transformers used Ivstations, covering a wide range of
frequency parameters (1.54¢< 2.16 rad/s), and block dimensions (1.598<2.49 m), (e.g.,
[20, 29]).

For the anchored equipment, the strengt &nd yield rotationd,) of the restrainers are
specific to each equipment and were also obtaireed f29]. A ductility capacity ratio gf =
2 was defined for all restrainers based on a seitgitanalysis, which showed that larger
ductility capacity ratios (e.gy > 3 or 4) had only a marginal effect on the reductun
toppling risk, as shown in Figure 6.

For a SCSS base-isolated system, a sensitivityysisahlso showed that the fragility
functions are not very sensitive to variationstef mass ratigr between 0.1 and 0.001, and
that a stiff base isolatiof{ = 1 s) led to highe-values in far-field conditions compared to
a more flexible interface (e.d, = 2 or 3 s). Henceforth, the SCSS base isolation considered
a mass ratio oy = 0.1 and a natural perid}, = 1.0 s. The values of the sliding friction
coefficient ¢ = 0.05) and yield displacement.{ = 0.25 mm) were defined after [27] and
were not subjected to parametric variations.

] Anchored ; Base Isolated ] Base Isolated
—O— p=1 —O—4=041
= = ‘L’
08| K2 0.8 oo

p=4 —/— = 0.001 0075 (e}
0.6 ﬁ;ﬂ,
0.4 ’/

76
0.2 0.2 30
0 AVAAAAAAAAATA 0 _/'v'é3
0 0.5 1 0 0.5 1
PGA (9) PGA (9)

Fig. 6. Fragility functions obtained for equipment EE8 Q88 m, h=2.28 m, W=266.8 kN) subjected
to far-field ground motions. Sensitivity analysts {a) ductility capacity ratio of anchored equiprne
(F,/W=0.43,0,=7.34x10); (b) mass ratio of SCSS base isolation (Wijtixed at 1s); and (c) base
isolation period (witty fixed at 0.001)
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Table 1

Electrical equipment mass and geometric paramesémsctural parameters of restrainers and base
isolation using a Single Concave Spherical Slid®GSS)

Electrical Equivalent block dimensions Anchors * SCSS Isolation**
Eqﬁ(i:pm::nt m b h b/h a P R E,/mg 0, my, ky,
KN-€/m  m m - deg rad/ls m - rad kKN-&m  kN/m

EE1 18.1 091 21304 23.2 178 232 0.100 3.1710 1.63-16 7.16-16
EE2 18.1 0.51 1.500.34 18.7 216 1.58 0.400 1.33°10 1.63-16 7.16-16
EE3 2494 1.75 2.540.69 346 154 3.08 0.144 3.82%10 2.24-18 9.85-10
EE4 87.5 0.97 2.26 0.43 231 173 2.46 0.275 6.97%10 7.88-16 3.45-10
EES 68.0 1.12 1.73 0.65 329 189 2.06 0.353 6.02“10 6.12-16 2.69-10
EE6 104.3 0.97 2.290.42 229 172 2.49 0.343 6.93“10 9.39-16 4.12-10
EE7 79.4 0.97 1.88 0.52 272 187 212 0.451 6.93“10 7.14-16 3.13-10
EES8 27.2 0.89 2.290.39 21.3 1.73 2.46 0.433 7.43%10 2.45-16 1.07-10
EE9 20.0 0.86 1.730.50 2666 195 1.93 0.591 7.65“10 1.80-16 7.88-16
* Ductility capacity ratiou=2, and Bouc-Wen parametefs0.1, 8 =n = 1.
** Mass ratioy = 0.1, , yield displacement,, = 0.25 mm post-yield lateral stiffness, = 412 (my, + m)/TZ with
T, = 1, sliding friction coefficient = 0.05, and Bouc-Wen parametefs= f =n = 1.

3.2 SEISMIC HAZARD AND GROUND MOTION SELECTION FOR SITES UNDER STUDY

3.2.1 Seismic Hazard

To evaluate the influence of near-source and &dfground motions, the toppling risk
analysis was conducted for the nine equipment ingtimtally placed at the sites CALE (near-
source) and CU (far-field). Site CALE (18.073°N21165°W) is located on a rock outcrop at
the Michoacan Subduction Zone, just 20 km northtwéshe epicenter of the great Mw 8.1
Michoacan earthquake of 1985, and has recordedsoe@ce ground motions continuously for
over 30 years. Analogously, site CU is located iexMo City (19.326°N, 99.182°W) over
thick deposits of basaltic lava flows at a distapice300 km west of the Michoacan Subduction
Zone, and 120 km northwest of the 2017 Puebla g@aalke, and has recorded far-field ground
motions in Mexico since ¢.1964. Both sites are tedan class B sites according to ASCE 7-
10 [14].

The ground motion intensity (PGA in this case) egmlrrence at each site were computed
through a site-specific Probabilistic Seismic HdzAnalysis (PSHA), using the framework
developed originally by Esteva-Cornell [42]. Thisurce types were considered along the
Pacific coast of Mexico: subduction interface, imediate depth intraslab, and shallow crustal
faults. According to recent seismic zonation modietsMexico ([43, 44]), these groups were
subdivided respectively into 18, 2, and 1 sour@es,shown in Figure 7(a). Magnitude
recurrence laws within each source were modeleld avitruncated exponential distribution,
with the exception of three subduction interfacerses that follow a Gaussian distribution to
account for characteristic earthquakes [45, 46],

The strong ground motions at site CU, located withe hill zone of Mexico City, differ
from free-field rock sites on the outskirts of MexiCity. For instance, there is evidence of
amplification and de-amplification effects at thk zone of Mexico City attributed to the local
stratigraphy [47, 48]. Therefore, different groundtion models (GMMs) must be used at each
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site for more accurate hazard assessment. Inttldg,she GMMs for subduction earthquakes
were obtained from [49] and [50], for the sites GA(near-source earthquakes) and CU (far-
field earthquakes), respectively. Likewise, the uged motions from intermediate-depth
intraslab earthquakes were based on the GMMs Qy{5ALE) and [52] (CU), and for shallow
crustal earthquakes the GMMs by [53] (CALE) and][$@U). The seismic hazard was
implemented in the software CRISIS 2014 [55] arel tdsults are shown in Figure 7(b) in
terms of the mean annual rate of exceedance of R{zAotice that the PGA hazard at CALE
is significantly larger than that of CU. For instanatl,, = 0.002 (i.e., 500 year return period),
the corresponding PGA is 0.60 g and 0.26 g at §ifsisE and CU, respectively. Similarly, at
A, =0.0004 (i.e., 2500 year return period) the gponding PGA is 1.00 g and 0.50 g at sites
CALE and CU, respectively.
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Fig. 7.(a) Mexican seismic sources after [43, 44], anda(imual rate of exceedance for PGA at station
CALE (near-source) and station CU (far-field).
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3.2.2 Ground motion selection for incremental dynarnc analysis

Since the dynamic response of rigid equipment ghligi sensitive to ground motion
parameters such as PGA, peak ground velocity (PfBaguency content, or duration, a careful
selection of acceleration records is required. deqaately describe the equipment response
and the influence of the input's frequency contehis study used 70 near-source ground
motions and 58 far-field ground motions from in[@2xican earthquakes recorded between
1964 and 2017. Only ground motions with PGA>0.01Bogn earthquakes with magnitudes
between 5.9-8.2 were considered. This means teajrisund motions required linear scaling
factors (SFs) ranging from 1 to 100 to cover thegeaof intensities needed to establish each
fragility function. Further research to assess ¢basequences of linearly scaling ground
motions within the context of an incremental dynaamalysis for rocking bodies is required.
Table 2 identifies the earthquake selection andypes of ground motions. Figure 8 shows
the location of epicenters (dots) and the statitnangles), and Figure 9(a) presents the
earthquake magnitude and site-to-source distancespwnding to each ground motion used
in this study.
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358 Seismic events used in this study

Hypocenter Location Number of ground

Date . motions **
ID Mechanism* My
yyyy-mm-dd R o Depth Near- ,
Lat (°) Lon (°) (km) Source Far-Field
1 1964-07-06 ID-I 7.3 18.03 -100.77 55 - 2
2 1965-08-23 S 7.8 16.28 -96.02 16 - 2
3 1968-08-02 S 74 16.25 -98.08 33 - 2
4 1976-06-07 S 6.4 17.45 -100.65 48 - 2
5 1978-03-19 S 6.4 16.85 -99.9 16 - 2
6 1979-03-14 S 7.6 17.46 -101.46 20 - 2
7 1982-06-07 S 6.9 16.35 -98.37 15 - 2
8 1985-09-19 S 8 18.14 -102.71 17 8 2
9 1985-09-21 S 76 17.62 -101.82 22 6 2
10 1989-04-25 S 6.9 16.61 -99.43 16 14 2
11 1990-05-31 S 6.1 17.15 -100.85 21 - 2
12 1993-10-24 S 6.6 16.65 -98.87 16 2 -
13 1994-05-23 ID-I 6.2 18.02 -100.57 50 - 2
14  1994-12-10 S 6.6 18.02 -101.56 20 - 2
15  1995-09-14 S 7.3 1648 -98.76 16 4 2
16 1996-07-15 S 6.6 17.33 -101.21 27 6 2
17  1997-01-11 ID-I 7.1 18.34 -102.58 40 4 2
18  1999-06-15 ID-I 6.9 18.13 -97.54 61 - 2
19  1999-09-30 ID-I 74 16.03 -96.96 47 8 2
20 2000-07-21 ID-I 59 18.11 -98.97 50 - 2
21  2003-01-22 S 75 18.86 -103.90 26 - 2
22  2004-01-01 S 6 17.27 -101.54 17 2 -
23 2007-04-13 ID-I 6 17.09 -100.44 41 2 2
24 2011-12-11 ID-I 6.5 17.89 -99.84 55.3 - 2
25  2012-03-20 S 74 16.25 -98.52 16 2 2
26 2012-11-15 ID-I 6.1 18.17 -100.52 40 - 2
27  2013-06-16 ID-I 59 18.23 -99.13 52 - 2
28  2013-08-21 S 6.2 16.79 -99.56 20 2 -
29 2014-04-18 S 7.3 17.38 -101.06 16 4 2
30 2014-05-08 S 6.4 17.11 -100.87 17 - 2
31 2017-09-07 ID-I 82 1485 -94.11 58 4 2
32 2017-09-19 ID-I 7.1 1840 -98.72 57 2 2
* S = Subduction interfacelD-lI = Intermediate-Depth Intraslab. ** The symboi’“denotes non-available

record.
359
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Fig. 9. (a) Magnitude versus site-to-source distanceratfigd motions used in this study, and Fourier
amplitude of (b) near-source acceleration recaudd,(c) far-field acceleration records.

A close look at the Fourier spectra of the seleeteckleration records, Figure 9(b) and
Figure 9(c), shows that near-source ground moti@tiser most of the energy in the 2-10 Hz
range, whereas the far-field ground motions delitierenergy in the 0.2-1.0 Hz range. This
aspect is key, as the toppling of small blockseissg&tive to high frequency motions, and the
toppling of large blocks is more sensitive to laequency motions [20]. This study presented
herein contributes to the body of knowledge avéglab terms of the seismic stability of rigid
electrical equipment for two bins of ground motiofas field and near field with most of the
energy around 0.6 and 6 Hz, respectively. Thereftwgher studies for toppling risk
assessment of equipment during ground motionsatitar frequency contents are required.

3.3 SEISMIC RESPONSE OF ELECTRICAL EQUIPMENT

For each support condition (freestanding, ancharetiase isolated), the response of the nine
equipment due to the 70 near-source and 58 fat-fggbund motions was computed
numerically. The analysis was conducted for groonadions scaled to PGA between 0.05-1.5
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g (near-source) and between 0.05-1.0 g (far-fiehd),05 g increments, revealing the complex
dynamics of single rigid blocks. As an example,adstabout the seismic response of
equipment EE2 (2b=1 m, 2h=3 m) and EES8 (2b=1.8 dhZu¥4.6 m) are presented below for
the EW component of the ground motions recordestadtons CALE (near-source) and CU
(far-field) during the September 1 @arthquake of 1985 Mw 8.1. At each location, tleugd
motion was scaled to a PGA associated to an amatgabf exceedance of 0.0004, resulting in
PGA=1.0g for CALE and PGA=0.5g for CU.

3.3.1 Equipment EE2

Figure 10 presents the response of equipment EEthé&near-source (CALE) record
scaled to PGA of 1.0 g. This figure shows thatdimeply supported block overturns at t~18 s
(left); whereas, the anchored block rocks withopipling and the maximum block rotation is
significantly reduced (center). The base-isolatedlbsurvives 20 s of ground shaking and its
rotation is largely amplified by the base acceleratin excess of 1 g at low frequencies (right).
A similar behavior is observed in the EE2 respansthe far-field record (Figure 11); even
though the ground motion is scaled to PGA of 0.thg,long duration and frequency content
of the input leads to failure of the simply suppdrand base-isolated blocks. The restrainers
successfully prevent the block from overturningisTéxample shows that ductile anchors can
be an effective mitigation measures against oweirtgr and that seismic base isolation
increases the likelihood of toppling.

]

0.5 _ _
0 3 3|

0.5 = s
-1 L | L | L | | L |

1r

0.5 N
E 0 E A .\
SN 5 v v
05 r
_1 1 1 ] 1 1

1r
0.5

0 .
05
-1 1 1 1

0 10 20 30 0 10 20 30 0 10 20 30
Time(s) Time(s) Time(s)
Fig. 10.Seismic response of electrical equipment EE2 t&tatember 191985 earthquake recorded
at CALE station (near-source) scaled to PGA=1.8aalé factor o~2.5). Left: equipment simply
supported on a fixed base; center: equipment aadhora fixed base; right: equipment supported on
an isolated base
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3.3.2 Equipment EE8

Figure 12 presents the response of equipment EBj@dad to the near-source (CALE)
ground motion scaled to PGA of 1.0 g. In this c#éise,block survives the ground motion for
the three support conditions studied, but the lmsated block (right) undergoes large
rotations and low frequency base accelerationgndw@amum base displacement relative to the
ground is £25 cm (not shown in Figure 12). The oese of EES8 to the far-field record (CU)
scaled to PGA of 0.5 g is shown in Figure 13. Camytto equipment EE2, this much heavier
equipment is stable if it stands freely on a fikede (left); although a very large block rotation
occurs at t~40s. The anchored equipment performswell, and the base isolated equipment
overturns at t~28 s, in which case the base isolasidisadvantageous.
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Fig. 12.Seismic response of electrical equipment EE8 t&tatember 191985 earthquake recorded

at CALE station (near-source) scaled to PGA=1.8aalé factor o~2.5). Left: equipment simply
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supported on a fixed base; center: equipment ardhora fixed base; right: equipment supported on
an isolated base
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Fig. 13.Seismic response of electrical equipment EES8 t@tember 191985 earthquake recorded
at CU station (far field) scaled to PGA=0.45 g (sdactor of~30). Left: equipment simply supported
on a fixed base; center: equipment anchored toed fhase; right: equipment supported on an isolated
base

3.4 FRAGILITY CURVES

The failure probability for the nine equipment tke@nd the three support conditions was
computed numerically and the results approximatiéa aiognormal distribution as in Eq. (7).
This analysis was conducted for the two sets afigganotions, evidencing that the frequency
content has a major effect on the block responsearexample, the fragility functions for
equipment EE2 (top row), EE8 (middle row), and EB@tom row) are displayed in Figurel4.
The left and right plots correspond to equipmebjestted to near-source (CALE) and far-field
(CU) ground motions, respectively. Interestinghe failure probability for the nine equipment
blocks in station CALE is either negligible or vdoyv, with the exception of equipment EE2
supported on a base isolator, which exhibits |&adare probabilities for PGA>0.5 g.

In contrast, the probability of failure due to feeld motions increases significantly for all
support conditions, the most critical being theipouent simply supported on an isolated base.
The use of anchors with a ductility capacity ratfqu = 2 slightly decreases the failure rates
for all equipment studied; further analyses shothatithis performance improves slightly with
increasing ductility capacity ratios. A careful exaation of the fragility functions in far-field
conditions shows that the median value of PGA, (P&A associated to a 50% probability of
exceedance) increases approximately linearly vinéhidlock aspect ratidy/h, for the three
support conditions studied.
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453 3.5 TOPPLING RISK
454 The mean annual rate of failure of the equipmerst ezanputed by numerically integrating
455 Eg. (8), and expressed in terms of the reliabititlex s using Eq. (9). The results in Figure 15
456 show the reliability index versus the block aspeatio (top) and block size (bottom) for the
457 nine equipment studied. Despite the few topplingnés observed in near-source conditions
458 (left plots), it is apparent that the freestandamgl anchored equipment have largevalues
459 than base-isolated equipment. This trend is moiadeat for equipment in far-field conditions
460 (right plots), as the base-isolated equipment hgsfeantly lower g-values. Overall, the
461 reliability index increase with/h andR, but this dependence is almost linear with at CU
462 for the three support conditions studied. In fémtthe nine equipment studied, the aspect ratio
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is the geometric feature that best correlates thightoppling risk (positive correlation). This
results are consistent with observations from pesgtarch (e.g., [17, 27, 30]).
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Fig. 15. Reliability index S [41] versus block aspect ratiy’h (top) and block siz& (bottom) for
equipment under study.

A comparative analysis of the reliability index wesnducted for anchored equipment
using ductility capacity ratiog = {1, 2,4}, and base isolated equipment with natural periods
T, ={1s, 2s,3s}and amass ratio ¢f= 0.1. Results are shown in Figure 16 for anchored
(top) and base isolated (bottom) equipment. Notleat increasing the anchor ductility
improves the response for all equipment, and ttingstoppling risk is reduced. In addition, of
the three base isolation periods studied, a p&ridyl = 3 s was more effective in near-field
conditions, and a period @f, = 1 s was the most effective in far-field conditions.

These integrated results confirm the observaticexdenpreviously and should aid designers
in selecting the proper mitigation strategies asjaiappling, and identifying the key aspects
that influence the response of a rigid electricigaient, e.g., geometry, frequency content of
input motion, and support conditions.

CONCLUSIONS

This study evaluates the seismic toppling riskrigid electrical equipment by integrating
their collapse fragility functions and the site-sifie seismic hazard. The methodology is
implemented for nine equipment used in Mexican@dBdoower plants with height between 3
and 5 m, covering a range of frequency parameteB84(<p < 2.16 rad/s), and block



486
487
488
489
490
491
492

493

494

495

496
497

498
499
500
501
502
503

504
505
506
507

dimensions (1.58 ® < 2.49 m). Two sets of ground acceleration recéra®n 32 Mexican
earthquakes were considered in the developmenagiify functions: one set consisting of 70
near-source ground motions and other set consisfirgf far-field ground motions, which
differ primarily in the frequency content and dimat Three equipment configurations were
analyzed: 1) equipment simply supported on a fikede; 2) equipment anchored to the
foundations; and 3) equipment supported on antswllaase. The most important conclusions
include:
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Fig. 16.Reliability indexp [41] versus block aspect rathg'h for anchored equipment (top) and base
isolated equipment (bottom) under study.

* For the near-source ground motions, very few cebapvents were observed and in
most cases, the anchored or base isolated equigredotmed just as well as simply
supported equipment. With the exemption of the haskated equipment EE2, the
computed reliability indices are above 3.5 (i.e.return period of 4300 years).
Therefore, the implementation of mitigation measuog these conditions may not be
justified.

* The set of far-field ground motions caused sigaifity more collapses than the set of
near-source ground motions, because of the loweuéncy content and longer
duration of shaking. Out of the three configurasi@malyzed, the anchored equipment
was the most reliable (i.e., lower probability oppling) and resulted in superior
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stability compared to the freestanding equipmentrtier analysis showed that
reliability indices increased slightly with increag ductility of the restrainers. On the
other hand, the use of base isolation with a furedded period ofT, = 1s was
detrimental for all equipment, a condition that semwed with increasiri@, values. This
result is consistent with the conclusion by Vaesiland Makris (2012) [27] about the
ineffectiveness of base isolation of large blocks.

* For the two sets of ground motions and the thregpeeent configurations studied, the
reliability index increases almost linearly witrethlock’s aspect ratid,/h. Likewise,
the reliability index increases (not monotonicalyith the block sizeR. From the
results obtained, the aspect ratio is the geomigaittires that best correlates with the
toppling risk of rigid blocks.

Finally, this study presents reference valuesetdppling risk for typical electrical equipment
subject to strong ground motions and highlightsniflaence of the ground motions frequency
content. These results should aid in the risk assest of more complex systems and networks;
extending this methodology to other seismic envitents and equipment is straightforward.
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