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ABSTRACT 5 

This study presents a general formulation for toppling risk assessment of rigid 6 
electrical equipment during earthquakes. The seismic response, toppling fragility 7 
functions and toppling risk were examined for three types of support conditions, 8 
namely: 1) equipment simply supported on the foundation; 2) equipment anchored 9 
to the foundation; and 3) equipment supported on a seismic base isolator. Because 10 
empirical fragility functions for overturning equipment remain insufficient, the 11 
present study relies on numerical analysis and a solid physical background to 12 
compute risk. These results should aid designers in the selection of appropriate 13 
support conditions or mitigation measures for rigid electric equipment in seismic 14 
prone regions. 15 

As an example, the toppling risk methodology is presented using Mexican 16 
seismicity and a set of nine electrical equipment commonly used throughout 17 
Mexican power stations, with heights between 3 and 5 m, covering an ample range 18 
of frequency parameters (1.54 < p < 2.16 rad/s), and block dimensions (1.58 m < R 19 
< 2.49 m). Further, the effects of site-to-source distance for sites located on firm 20 
soil are studied in detail, as the frequency content of these ground motions differ 21 
significantly and play a key role in the toppling vulnerability of the blocks. The 22 
study shows that the reliability index increases monotonically with increasing block 23 
aspect ratio and block size for the nine equipment and the three support conditions 24 
studied. This investigation also demonstrates that the reliability of free-standing 25 
equipment due to near-source ground motions is slightly higher than that of 26 
anchored equipment or base isolated equipment. In contrast, for far-field ground 27 
motions, the reliability for anchored equipment is slightly higher than that of free-28 
standing or base isolated equipment.  29 
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1. INTRODUCTION 33 

Recent seismic events show that electrical power plants are highly vulnerable to service 34 
disruption resulting from overturned or collapsed equipment such as transformers, control 35 
stations, and other heavy equipment (Figure 1). Case studies of power plant failures during 36 
earthquakes (e.g., [1-3]) show that the collapse of electrical equipment causes not only direct 37 
economic losses due to the repair/replacement costs of damaged equipment, but also indirect 38 
socio-economic impacts as a consequence of power outage. For instance, the collapse of circuit 39 
breakers and transformers during the 1999 Izmit earthquake, Turkey [3] led to direct loses of 40 
$70 million and power disruption over a vast region. Likewise, severe damage on numerous 41 
500 kV switchyards during the 1989 Loma Prieta earthquake, U.S. [1] caused direct loses of 42 
$4.9 million. 43 

(a)   (b)  44 
Fig. 1. (a) Collapse of anchored electrical equipment during the 1971 Mw 6.6 San Fernando Earthquake 45 
[4], and (b) toppled transformer during the 1999 Mw 7.4 Izmit earthquake, Turkey[5]. 46 

During the Mw 8.0 1995 Colima-Jalisco earthquake in Mexico, the Manzanillo Power Plants 47 
1 and 2 were severely shaken [2]. The most critical damage was observed at the Plant 1 48 
switchyard, where several ceramic columns that support the disconnect switches collapsed, and 49 
9 out of 22 circuit breakers had to be replaced or repaired. Other damage to Plant 1 included 50 
the overturning of three potential transformers, leaning and cracking of ceramic columns, 51 
disconnected conductors, and leaks of insulating fluids in several transformers. However, none 52 
of the transformers had to be replaced, and repairs were inexpensive. At the Manzanillo Plant 53 
2, the ceramic columns of two potential transformers collapsed, and the columns of several 54 
disconnect switches were fractured. Approximately 20% of the transformers needed 55 
replacement of their ceramic base seals. Direct economic loses from this earthquake were 56 
estimated in US$93.5 million [6], of which approximately 11% corresponds to direct losses in 57 
the electric power supply; which was interrupted for more than 20 hours, affecting 243,000 58 
people. The restitution of the energy supply was achieved within 72 hours, which is the 59 
maximum acceptable recovery time accepted by the international community [7].  60 

More recently, on September 7th, 2017, a Mw 8.2 intermediate-depth normal earthquake struck 61 
the Gulf of Tehuantepec in Chiapas, Mexico. It is the largest earthquake in Mexico since the 62 
Mw 8.2 Jalisco earthquake of 1932. According to preliminary reconnaissance information, the 63 
earthquake caused severe damage at near-source locations, such as houses, historical and world 64 
heritage buildings, bridges, electrical substations, and equipment. No damage was observed on 65 
the wind farms located in Oaxaca (approximately 1,186 wind turbines), but the Mw 8.2 66 
earthquake damaged electrical substations and 21 wind farms in the Istmo region had to shut 67 
down; all electrical substations suffered damage of circuit breakers and transformers [8]. The 68 
wind farms restarted operation at near 80% capacity almost 70 days after the earthquake.  69 



Similarly, no structural damage was reported at the state-owned Salina Cruz Refinery, the 70 
largest refinery in Mexico with an installed capacity of 330,000 barrels per day. The 71 
earthquake, however, induced lateral displacements on the 70 MW electrical generators that 72 
power the plant [9]. As a result, the plant was shut down as a precaution and operations were 73 
resumed almost 2.5 months later. For more details about damage reported in substations during 74 
other previous earthquakes, refer to [10]. 75 

Guaranteeing the service continuity of power stations at all times is critical; particularly, after 76 
severe natural disasters all components should continue operating to support the emergency 77 
response efforts and the needs of the population. Thus, the toppling of electrical equipment 78 
during earthquakes and the consequences of power outages, has prompted research on the 79 
dynamic response of rigid bodies and the design of collapse mitigation measures. Importantly, 80 
current seismic design standards (e.g., [11-13]) provide recommendations for evaluating the 81 
overturning of equipment, generally in the form of pseudo-static analyses, but do not define 82 
collapse performance objectives explicitly, such as the limit of 1% probability of collapse in 83 
50 years recommended by ASCE7-10 [14] for structural components. 84 

Modelling the rocking response of rigid blocks is extremely cumbersome, yet predictable in a 85 
statistical sense [15]. Still, one of the main challenges is to properly account for energy 86 
dissipation and the chaotic nature of the block response modes (e.g., rocking, sliding, uplifting, 87 
free flight) [16]. Nevertheless, simplified or idealized models have proved successful to 88 
understand the block dynamics due to real earthquakes and have guided the engineering 89 
practice in the last 50 years.  90 

The response of free-standing rigid blocks to a base excitation is founded on the principles of 91 
rigid body dynamics, for which a vast body of literature exists, e.g., [15-30]. After examining 92 
the response of inverted-pendulum structures in the 1960 Valdivia earthquake (Chile), Housner 93 
[17] studied the reliability of slender blocks under simple sinusoidal base motions and the 94 
effects of block scale in the stability, and demonstrated that given two geometrically similar 95 
blocks, the larger one is more stable. Later, Yim et al., (1980) [18] developed probabilistic 96 
estimates of the rocking response of rigid blocks, and Psycharis and Jennings (1983) [19] 97 
analyzed the problem of rigid and semi-rigid blocks supported on a flexible foundation, in 98 
which uplift was allowed and horizontal slip was restrained. A study about the response of 99 
electrical equipment subjected to near-source ground motions [20] concluded that although 100 
both large and small blocks are sensitive to long-duration pulses, the toppling of small blocks 101 
is more sensitive to acceleration pulses of short-duration (high frequency), whereas larger 102 
blocks need a larger duration pulse to overturn. More recently [21], closed form solutions were 103 
developed for a free-standing rectangular block subjected to generalized half-cycle pulses 104 
using linearized equations of motion. This study revealed complex behavior patterns and 105 
provides a simple expression to distinguish safe from overturning block response. The work 106 
by Cimellaro et al., (2014) [22], proposed a simplified formula that relates overturning ratios 107 
and the ground motion intensity, using a physical model and real earthquake records. 108 
Arredondo et al. (2017) [22] studied the response of irregular free standing blocks using a 109 
simplified numerical model validated against shaking table results.  110 

Seismic protection measures against block overturning have been studied numerically and 111 
experimentally. However, their performance during actual earthquakes has not been 112 
thoroughly documented. The most common mitigation measures include the use seismically 113 
isolated bases [24-27] and the use of restrainers such as bolts, cables or rubber bands [28-30]. 114 
For instance, Caliò and Marletta (2003) [24] developed behavioral maps for symmetric rigid 115 
blocks supported on a sliding pedestal connected to a spring-dashpot device, and Contento and 116 



Di Egidio (2009) [26] extended this work to non-symmetric bodies. Later Vassiliou and Makris 117 
(2012) [27], developed equations of motion for symmetric blocks considering three types of 118 
base isolation hysteresis: linear visco-elastic, bilinear, and trilinear. The authors developed a 119 
closed form equation for the maximum coefficient of restitution for a block standing on an 120 
isolated base and concluded that base isolation is more effective in relatively small blocks. The 121 
study also concluded that large blocks subjected to moderate period pulses are significantly 122 
more stable when they rest free on a fixed base compared to an isolated base, even for very 123 
flexible isolation interfaces. 124 

Although very attractive as a mitigation measure, the study of anchored blocks has received 125 
much less attention in the literature. Available studies include the use of elasto-brittle or elasto-126 
plastic anchors for rigid blocks supported on a fixed base [28, 29], and blocks anchored to a 127 
rocking base [30]. These studies show that restrainers are more efficient in preventing 128 
overturning of small slender blocks, and that for certain ground motions, the restrainers can 129 
have a detrimental effect on the seismic response of the block compared to the block without 130 
restrainers. The model details of the base isolated equipment and anchored equipment are 131 
discussed in the next section. 132 

The purpose of the present study is to evaluate the seismic toppling risk of rigid rectangular 133 
blocks, such as transformers, power generators, or control cabinets, based on numerical 134 
solutions of the governing differential equations and the site-specific seismic hazard. Three 135 
different equipment configurations are considered in the analysis: 1) equipment simply 136 
supported on a fixed base; 2) equipment fixed to a base with ductile anchors; and 3) equipment 137 
simply supported on an isolated base. The formulation is applicable to any seismic region and 138 
type of overturning equipment. As an example, this study uses the Mexican seismicity and 139 
Mexican electrical equipment to illustrate the effect of near-source and far-field ground 140 
motions on the collapse fragility functions and reliability indices. Design recommendations are 141 
provided for the type of overturning mitigation measure appropriate for these different seismic 142 
environments. Finally, this study provides reference values of the toppling risk for typical 143 
electrical equipment subject to ground motions with different frequency content (i.e., near-144 
source versus far-field ground motions), which are mainly a function of the block’s aspect 145 
ratio.  146 

2. METHODOLOGY 147 

The computation of the toppling risk of electrical equipment consists of three basic steps: (i) 148 
evaluation of the seismic response; (ii) development of fragility functions; and (iii) convolution 149 
of seismic hazard and fragility functions. These steps are briefly explained next. 150 
 151 
2.1 SEISMIC RESPONSE OF ELECTRICAL EQUIPMENT 152 
Three equipment configurations are considered in this study: (i) equipment simply supported 153 
on a fixed base; (ii) equipment anchored to a fixed base; and (iii) equipment simply supported 154 
on seismically isolated base (Figure 2). In all three cases, the ground motion acts along the 155 
horizontal axis, the friction between the equipment and the base is sufficiently large to prevent 156 
sliding, and the block is not allowed to completely detach from the ground. The mathematical 157 
formulation for each model is presented herein. 158 



 159 
Fig. 2. Schematic view of rigid electrical equipment in rocking motion: a) equipment simply supported 160 
on a fixed base; b) equipment anchored to a fixed base; and c) equipment simply supported on a 161 
seismically isolated base 162 

2.1.1 Equipment simply supported on a fixed base 163 

The rocking motion of a freestanding rigid block, Figure 2(a), can be modeled as a one degree-164 
of-freedom system. The governing differential equation given by [17] 165 

��(�) = −�	 
sin �(�) + ���� cos �(�)�   
(1.1) 

where ��  is the angular acceleration of the block, � = �3�/4� is the frequency parameter of 166 
the block, ��� is the input ground acceleration, �(�) = �	sign��(�)� − �(�), � is the block semi 167 
diagonal, and � = tan"# $/ℎ is the block angle. For slender blocks and within the limits of 168 
small rotations (i.e., small �(�) values), Eq. (1) can be linearized as shown in Equation (1.2), 169 
which can be solved analytically.  170 

��(�) = −�	 
�(�) + ���� �   
(1.2) 

When rocking motion occurs, the block impacts the base and the contact points alternate 171 
between O and O’, Figure 2(a); after each impact, kinetic energy dissipates at a ratio & =172 �'		/�'#	, where �'# and �'	 are the angular velocities immediately before and after the impact. 173 
Assuming conservation of angular momentum [17], the maximum theoretical value of & is 174 
given by 175 

 & = (1 − *	 sin	 �+	               (2) 176 

which is a function of block angle �. Other sources of energy dissipation lead to smaller & 177 
values.  178 

2.1.2 Equipment anchored to a fixed base 179 

The seismic response of anchored equipment, Figure 2(b), was based on the formulation 180 
presented by Makris and Black (2002) [30]. In this model, anchors are modeled as elasto-181 
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plastic elements with ultimate strength 01, yield deformation ,2, ductility capacity ratio 3, and 182 
zero post-yield stiffness. The governing set of equations for the anchored equipment is given 183 
by 184 

��(�) = −�	 4sin�(�) + ���� cos �(�) + 301 sin	 �5,2�	 �26(�) cos 7�28 9(�): (3.1) 

�26'(�) + ζ<�'(�)<6(�)|6(�)|>"# + ?�'(�)|6(�)|> − �'(�) = 0 (3.2) 

  

where �2 = ,2/2$ is the yield rotation of the restrainer, and A = 01/,2 its pre-yielding 185 
stiffness. The hysteretic parameter 6 accounts for the non-linear behavior of the restrainers, 186 
and the shape of the hysteretic loop is given by a Bouc-Wen model of parameters ?, B, and C 187 
[31, 32]. To account for rupture of the restrainers, a fracture function 9(�) is introduced in Eq. 188 
(3.1), such that  189 

9(�) = 41 D9 |�(�)| < 3�20 D9 |�(�)| ≥ 3�2     (4) 

Thus, if a restrainer fails, i.e., 9(�) = 0, the equation of motion is reduced to that of a block 190 
simply supported on a fixed base. Assuming conservation of angular momentum, the 191 
coefficient of restitution & for the anchored block is also given by Eq. (2). 192 

2.1.3 Equipment simply supported on a seismically isolated base 193 

The base isolation solution implemented in this study follows the bilinear model by Vassiliou 194 
and Makris (2012) [27], which approximates the hysteresis loops of Single Concave Spherical 195 
Sliding (SCSS) systems. Thus, the equation of motion for a block of mass 5, supported on a 196 
SCSS base of mass 5G, yield displacement �2, post-yield lateral stiffness HG, and friction 197 
coefficient I is given by 198 

��(�) = −�	 Jsin�(�) + cos �(�)−KG	�(�) − I�L(�) − M� N�'(�)O	 sin �(�) + M� cos �(�)�	 sin �(�)� − M��	 cos	 �(�) P (5.1) 

�� (�) = −KG	�(�) − I�L(�) − M� N�'(�)O	 sin �(�) + M� cos�(�)�	 sin �(�)
1 − M��	 cos	 �(�)� − ���(�) (5.2) 

L'(�) = 1�2 (�' (�) − B|�' (�)|L(�)|L(�)|>"# − ?�' (�)|L(�)|>) (5.3) 

where ��  is the acceleration of the isolated base relative to the ground, M = 5/(5G + 5), KG =199 �HG/(5G + 5), and the dimensionless parameter L(�) is a Bouc-Wen model that describes 200 
the non-linear hysteresis of the isolator. Analogous to the fixed base and anchored models, the 201 
block rotations on top of the isolated base are continuous from the point O to O’, Figure 2(c), 202 
and the maximum theoretical energy loss ratio is given by Eq. (6) [25, 27].  203 

& = Q(M + 4) cot	 � − 2(M + 1)(M + 4) cot	 � + 4(M + 1)R
	
    (6) 



2.1.4 Numerical integration and stopping criterion 204 

Equations (1), (3), and (5) were integrated numerically in conjunction with the theoretical 205 
factor &. These equations were written in state format, and solved using an explicit 4th order 206 
Runge Kutta method [33] and a time integration step of Δ� = 10"TU. Integration was carried 207 
over the entire length of the ground motion, or until the block toppled, i.e. |�(�)| ≥ V/2, which 208 
is regarded as failure of the electrical equipment. 209 

2.1.5 Validation examples 210 

To verify the fidelity of the solution to Equations (1), (3) and (5), three examples available in 211 
the literature were reproduced herein. The response of a simply supported block to a half-sine 212 
pulse of duration 0.5 s and angular frequency KW = 2V was computed for two limiting cases 213 
of maximum ground acceleration using the linear formulation (Figure 3), resulting in excellent 214 
agreement with the analytical solution reported by Makris and Roussos 1998 (refer to Figure 215 
2 in [20]). Likewise, the response of simply supported and base isolated blocks to the Jensen 216 
Filter Plant motion, shown in Figure 4, successfully matched the results by Vassiliou and 217 
Makris 2012 (refer to Figure 12 in [27]). Finally, the response of an anchored block to the 218 
Rinaldi Station motion closely matched the solution obtained by Makris and Zhang 2001 (refer 219 
to Figure 14 in [29]) using two scaling factors for the input ground acceleration, Figure 5. 220 

 221 
Fig. 3. Rotation time history of a simply supported rigid block (b=0.2m, h=0.6m) subjected to a half-222 
sine pulse (a) no overturning for XY� = 0.5535�; (b) right-overturning for XY� = 0.5545�. 223 

 224 
Fig. 4. Rotation time history of a rigid block (b=0.77 m, h=5.17 m) subjected to the Fault-Normal 225 
component of the Jensen Filter Plant Motion (PEER RSN983) (a) no overturning of simply supported, 226 
and (b) right-overturning of base isolated block (\G = 3	U, ] = 0.1) 227 
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 228 

Fig. 5. Rotation time history of an anchored rigid block ($ = 15, ℎ = 35, 01/^ = 0.4, 3 = 5) 229 
subjected to the fault-normal Rinaldi Station Motion (PEER RSN1063) (a) no overturning for PGA 230 
amplified by 1.18, and (b) left-overturning for PGA amplified by 1.19. 231 

2.2 FRAGILITY FUNCTIONS 232 

Different methods exist for estimating probabilities of failure of rigid blocks subject to ground 233 
shaking (e.g., [18, 34]). An incremental dynamic analysis (IDA, [35]) allows the estimation of 234 
probabilistic indicators of seismic reliability for given ground motion intensities and collapse 235 
fragility curves to any system (e.g., rocking, yielding, flag-shaped). In this study, the electrical 236 
equipment was subjected to a set of ground motions scaled to identical peak ground 237 
acceleration (PGA) values, and, at each ground shaking intensity, the probability of failure 238 
(overturning) is computed as the number of simulations leading to collapse divided by the total 239 
number of simulations. The cumulative distribution function (CDF) of the ground shaking 240 
intensity _ that leads to block overturning is approximately lognormal and can be written as 241 

X̀ (_) = Φ Q 1bc>2 ln 7__e8R (7) 

 242 

where Φ is the standard normal CDF, _e is the median value of the distribution (ground motion 243 
intensity with a 50% probability of collapse), and bc>2 is its standard deviation of ln y.  244 

The fragility functions presented herein use PGA as the ground motion intensity measure (IM), 245 
because hazard analyses for PGA are readily available in engineering practice and easier to 246 
communicate to decision makers. Nevertheless, the same risk assessment scheme is applicable 247 
to other IM’s used to predict overturning of rigid blocks, e.g., [36-38], for which ad-hoc 248 
fragility functions need to be developed.  249 

2.3 EVALUATION OF SEISMIC RISK 250 

The mean annual rate of equipment failure f` is calculated by integrating over all possible _ 251 
values the probability of equipment failure X̀ (_) times the rate of exceedance of the ground 252 
motion intensity ([39, 40]) as in 253 

f` = g X̀ (_) hif2(_)i_ h i_2  (8) 

 254 

where f2(_) is the site-specific seismic hazard curve. The mean annual rate of equipment 255 
failure can be conveniently expressed in term of the reliability index ? [41] defined as  256 
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? = −Φ"#(f`)	 (9) 

where j"k is the inverse of the normal CDF (NORM.INV in Excel). 257 

3. AN ILLUSTRATIVE EXAMPLE  258 

3.1 EQUIPMENT STUDIED 259 

Given the large number of variables involved in this problem, the present study looks at 260 
the earthquake toppling risk of nine electrical equipment blocks typically used in Mexican and 261 
US power stations [29]. Table 1 presents the equipment mass 5 and dimensions, and the 262 
parameters of the two mitigation measures studied: anchors and base isolation. These 263 
equipment represent typical transformers used in substations, covering a wide range of 264 
frequency parameters (1.54 < p < 2.16 rad/s), and block dimensions (1.58 < R < 2.49 m), (e.g., 265 
[20, 29]).  266 

For the anchored equipment, the strength (01) and yield rotation (�2) of the restrainers are 267 
specific to each equipment and were also obtained from [29]. A ductility capacity ratio of 3 =268 2 was defined for all restrainers based on a sensitivity analysis, which showed that larger 269 
ductility capacity ratios (e.g., 3 > 3 or 4) had only a marginal effect on the reduction of 270 
toppling risk, as shown in Figure 6.  271 

For a SCSS base-isolated system, a sensitivity analysis also showed that the fragility 272 
functions are not very sensitive to variations of the mass ratio M between 0.1 and 0.001, and 273 
that a stiff base isolation (\G = 1	U) led to higher	?-values in far-field conditions compared to 274 
a more flexible interface (e.g., \G = 2	m&	3	U). Henceforth, the SCSS base isolation considered 275 
a mass ratio of M = 0.1 and a natural period	\G = 1.0	U. The values of the sliding friction 276 
coefficient (I = 0.05) and yield displacement (�2 = 0.25	55) were defined after [27] and 277 
were not subjected to parametric variations. 278 

 279 

 280 
Fig. 6. Fragility functions obtained for equipment EE8 (b=0.88 m, h=2.28 m, W=266.8 kN) subjected 281 
to far-field ground motions. Sensitivity analysis for (a) ductility capacity ratio of anchored equipment 282 
(01/^=0.43, �2=7.34×10-4); (b) mass ratio of SCSS base isolation (with \W	fixed at 1s); and (c) base 283 
isolation period (with M fixed at 0.001) 284 
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 289 

Table 1  290 
Electrical equipment mass and geometric parameters; structural parameters of restrainers and base 291 
isolation using a Single Concave Spherical Sliding (SCSS) 292 

Electrical 
Equipment 

Equivalent block dimensions Anchors * SCSS Isolation** 5 $ ℎ $/ℎ α � � 01/5� �2 5G HG 
kN·s2/m m m - deg rad/s m - rad kN·s2/m kN/m 

EE1 18.1 0.91 2.13 0.43 23.2 1.78 2.32 0.100 3.17·10-4 1.63·102 7.16·103 
EE2 18.1 0.51 1.50 0.34 18.7 2.16 1.58 0.400 1.33·10-3 1.63·102 7.16·103 
EE3 249.4 1.75 2.54 0.69 34.6 1.54 3.08 0.144 3.82·10-4 2.24·103 9.85·104 
EE4 87.5 0.97 2.26 0.43 23.1 1.73 2.46 0.275 6.97·10-4 7.88·102 3.45·104 
EE5 68.0 1.12 1.73 0.65 32.9 1.89 2.06 0.353 6.02·10-4 6.12·102 2.69·104 
EE6 104.3 0.97 2.29 0.42 22.9 1.72 2.49 0.343 6.93·10-4 9.39·102 4.12·104 
EE7 79.4 0.97 1.88 0.52 27.2 1.87 2.12 0.451 6.93·10-4 7.14·102 3.13·104 
EE8 27.2 0.89 2.29 0.39 21.3 1.73 2.46 0.433 7.43·10-4 2.45·102 1.07·104 
EE9 20.0 0.86 1.73 0.50 26.6 1.95 1.93 0.591 7.65·10-4 1.80·102 7.88·103 

*   Ductility capacity ratio 3=2, and Bouc-Wen parameters B=0.1, ? = C = 1.  
** Mass ratio M = 0.1, , yield displacement �2 = 0.25	55 post-yield lateral stiffness HG = 4V	(5G + 5)/\G	 with 
     \G = 1	U, sliding friction coefficient I = 0.05, and Bouc-Wen parameters B = ? = C = 1.  

 293 

3.2 SEISMIC HAZARD AND GROUND MOTION SELECTION FOR SITES UNDER STUDY  294 

3.2.1 Seismic Hazard 295 

To evaluate the influence of near-source and far-field ground motions, the toppling risk 296 
analysis was conducted for the nine equipment hypothetically placed at the sites CALE (near-297 
source) and CU (far-field). Site CALE (18.073°N, 102.755°W) is located on a rock outcrop at 298 
the Michoacán Subduction Zone, just 20 km north-west of the epicenter of the great Mw 8.1 299 
Michoacán earthquake of 1985, and has recorded near-source ground motions continuously for 300 
over 30 years. Analogously, site CU is located in Mexico City (19.326°N, 99.182°W) over 301 
thick deposits of basaltic lava flows at a distance of ~300 km west of the Michoacán Subduction 302 
Zone, and 120 km northwest of the 2017 Puebla earthquake, and has recorded far-field ground 303 
motions in Mexico since c.1964. Both sites are located on class B sites according to ASCE 7-304 
10 [14]. 305 

The ground motion intensity (PGA in this case) and recurrence at each site were computed 306 
through a site-specific Probabilistic Seismic Hazard Analysis (PSHA), using the framework 307 
developed originally by Esteva-Cornell [42]. Three source types were considered along the 308 
Pacific coast of Mexico: subduction interface, intermediate depth intraslab, and shallow crustal 309 
faults. According to recent seismic zonation models for Mexico ([43, 44]), these groups were 310 
subdivided respectively into 18, 2, and 1 sources, as shown in Figure 7(a). Magnitude 311 
recurrence laws within each source were modeled with a truncated exponential distribution, 312 
with the exception of three subduction interface sources that follow a Gaussian distribution to 313 
account for characteristic earthquakes [45, 46], 314 

The strong ground motions at site CU, located within the hill zone of Mexico City, differ 315 
from free-field rock sites on the outskirts of Mexico City. For instance, there is evidence of 316 
amplification and de-amplification effects at the hill zone of Mexico City attributed to the local 317 
stratigraphy [47, 48]. Therefore, different ground motion models (GMMs) must be used at each 318 



site for more accurate hazard assessment. In this study, the GMMs for subduction earthquakes 319 
were obtained from [49] and [50], for the sites CALE (near-source earthquakes) and CU (far-320 
field earthquakes), respectively. Likewise, the ground motions from intermediate-depth 321 
intraslab earthquakes were based on the GMMs by [51] (CALE) and [52] (CU), and for shallow 322 
crustal earthquakes the GMMs by [53] (CALE) and [54] (CU). The seismic hazard was 323 
implemented in the software CRISIS 2014 [55] and the results are shown in Figure 7(b) in 324 
terms of the mean annual rate of exceedance of PGA, f2. Notice that the PGA hazard at CALE 325 
is significantly larger than that of CU. For instance, at f2 = 0.002 (i.e., 500 year return period), 326 
the corresponding PGA is 0.60 g and 0.26 g at sites CALE and CU, respectively. Similarly, at 327 f2 = 0.0004 (i.e., 2500 year return period) the corresponding PGA is 1.00 g and 0.50 g at sites 328 
CALE and CU, respectively. 329 

 330 

   331 
Fig. 7. (a) Mexican seismic sources after [43, 44], and (b) annual rate of exceedance for PGA at station 332 
CALE (near-source) and station CU (far-field). 333 

3.2.2 Ground motion selection for incremental dynamic analysis 334 

Since the dynamic response of rigid equipment is highly sensitive to ground motion 335 
parameters such as PGA, peak ground velocity (PGV), frequency content, or duration, a careful 336 
selection of acceleration records is required. To adequately describe the equipment response 337 
and the influence of the input’s frequency content, this study used 70 near-source ground 338 
motions and 58 far-field ground motions from in 32 Mexican earthquakes recorded between 339 
1964 and 2017. Only ground motions with PGA>0.015 g from earthquakes with magnitudes 340 
between 5.9-8.2 were considered. This means that the ground motions required linear scaling 341 
factors (SFs) ranging from 1 to 100 to cover the range of intensities needed to establish each 342 
fragility function. Further research to assess the consequences of linearly scaling ground 343 
motions within the context of an incremental dynamic analysis for rocking bodies is required. 344 
Table 2 identifies the earthquake selection and the types of ground motions. Figure 8 shows 345 
the location of epicenters (dots) and the stations (triangles), and Figure 9(a) presents the 346 
earthquake magnitude and site-to-source distance corresponding to each ground motion used 347 
in this study.  348 
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 355 
 356 
Table 2 357 
Seismic events used in this study  358 

ID Date 
yyyy-mm-dd Mechanism* Mw 

Hypocenter Location Number of ground 
motions ** 

Lat (°) Lon (°) Depth 
(km)  

Near-
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 7.4 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 7.6 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 16.48 -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  7.4 16.03 -96.96 47 8 2 
20 2000-07-21 ID-I  5.9 18.11 -98.97 50 - 2 
21 2003-01-22 S 7.5 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 7.4 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  5.9 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  8.2 14.85 -94.11 58 4 2 
32 2017-09-19 ID-I  7.1 18.40 -98.72 57 2 2 

* S = Subduction interface; ID-I  = Intermediate-Depth Intraslab. ** The symbol “-” denotes non-available 
record.  

 359 



 360 
Fig. 8. Epicenters of selected earthquakes and location of ground motion stations. 361 

 362 

Fig. 9. (a) Magnitude versus site-to-source distance of ground motions used in this study, and Fourier 363 
amplitude of (b) near-source acceleration records, and (c) far-field acceleration records. 364 

A close look at the Fourier spectra of the selected acceleration records, Figure 9(b) and 365 
Figure 9(c), shows that near-source ground motions deliver most of the energy in the 2-10 Hz 366 
range, whereas the far-field ground motions deliver the energy in the 0.2-1.0 Hz range. This 367 
aspect is key, as the toppling of small blocks is sensitive to high frequency motions, and the 368 
toppling of large blocks is more sensitive to low frequency motions [20]. This study presented 369 
herein contributes to the body of knowledge available in terms of the seismic stability of rigid 370 
electrical equipment for two bins of ground motions: far field and near field with most of the 371 
energy around 0.6 and 6 Hz, respectively. Therefore, further studies for toppling risk 372 
assessment of equipment during ground motions with other frequency contents are required. 373 

 374 

3.3 SEISMIC RESPONSE OF ELECTRICAL EQUIPMENT 375 

For each support condition (freestanding, anchored, or base isolated), the response of the nine 376 
equipment due to the 70 near-source and 58 far-field ground motions was computed 377 
numerically. The analysis was conducted for ground motions scaled to PGA between 0.05-1.5 378 
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g (near-source) and between 0.05-1.0 g (far-field), in 0.05 g increments, revealing the complex 379 
dynamics of single rigid blocks. As an example, details about the seismic response of 380 
equipment EE2 (2b=1 m, 2h=3 m) and EE8 (2b=1.8 m and 2h=4.6 m) are presented below for 381 
the EW component of the ground motions recorded at stations CALE (near-source) and CU 382 
(far-field) during the September 19th earthquake of 1985 Mw 8.1. At each location, the ground 383 
motion was scaled to a PGA associated to an annual rate of exceedance of 0.0004, resulting in 384 
PGA=1.0g for CALE and PGA=0.5g for CU. 385 

3.3.1 Equipment EE2 386 

Figure 10 presents the response of equipment EE2 for the near-source (CALE) record 387 
scaled to PGA of 1.0 g. This figure shows that the simply supported block overturns at t~18 s 388 
(left); whereas, the anchored block rocks without toppling and the maximum block rotation is 389 
significantly reduced (center). The base-isolated block survives 20 s of ground shaking and its 390 
rotation is largely amplified by the base accelerations in excess of 1 g at low frequencies (right). 391 
A similar behavior is observed in the EE2 response to the far-field record (Figure 11); even 392 
though the ground motion is scaled to PGA of 0.5 g, the long duration and frequency content 393 
of the input leads to failure of the simply supported and base-isolated blocks. The restrainers 394 
successfully prevent the block from overturning. This example shows that ductile anchors can 395 
be an effective mitigation measures against overturning, and that seismic base isolation 396 
increases the likelihood of toppling.  397 

 398 
Fig. 10. Seismic response of electrical equipment EE2 to the September 19th 1985 earthquake recorded 399 
at CALE station (near-source) scaled to PGA=1.0 g (scale factor of ~2.5). Left: equipment simply 400 
supported on a fixed base; center: equipment anchored to a fixed base; right: equipment supported on 401 
an isolated base 402 
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 403 
Fig. 11. Seismic response of electrical equipment EE2 to the September 19th 1985 earthquake recorded 404 
at CU station (far field) scaled to PGA=0.45 g (scale factor of ~30). Left: equipment simply supported 405 
on a fixed base; center: equipment anchored to a fixed base; right: equipment supported on an isolated 406 
base 407 

3.3.2 Equipment EE8 408 

Figure 12 presents the response of equipment EE8 subjected to the near-source (CALE) 409 
ground motion scaled to PGA of 1.0 g. In this case, the block survives the ground motion for 410 
the three support conditions studied, but the base-isolated block (right) undergoes large 411 
rotations and low frequency base accelerations; the maximum base displacement relative to the 412 
ground is ±25 cm (not shown in Figure 12). The response of EE8 to the far-field record (CU) 413 
scaled to PGA of 0.5 g is shown in Figure 13. Contrary to equipment EE2, this much heavier 414 
equipment is stable if it stands freely on a fixed base (left); although a very large block rotation 415 
occurs at t~40s. The anchored equipment performs very well, and the base isolated equipment 416 
overturns at t~28 s, in which case the base isolation is disadvantageous. 417 

 418 
Fig. 12. Seismic response of electrical equipment EE8 to the September 19th 1985 earthquake recorded 419 
at CALE station (near-source) scaled to PGA=1.0 g (scale factor of ~2.5). Left: equipment simply 420 



supported on a fixed base; center: equipment anchored to a fixed base; right: equipment supported on 421 
an isolated base 422 

 423 

Fig. 13. Seismic response of electrical equipment EE8 to the September 19th 1985 earthquake recorded 424 
at CU station (far field) scaled to PGA=0.45 g (scale factor of ~30). Left: equipment simply supported 425 
on a fixed base; center: equipment anchored to a fixed base; right: equipment supported on an isolated 426 
base 427 

3.4 FRAGILITY CURVES  428 

The failure probability for the nine equipment blocks and the three support conditions was 429 
computed numerically and the results approximated with a lognormal distribution as in Eq. (7). 430 
This analysis was conducted for the two sets of ground motions, evidencing that the frequency 431 
content has a major effect on the block response. As an example, the fragility functions for 432 
equipment EE2 (top row), EE8 (middle row), and EE6 (bottom row) are displayed in Figure14. 433 
The left and right plots correspond to equipment subjected to near-source (CALE) and far-field 434 
(CU) ground motions, respectively. Interestingly, the failure probability for the nine equipment 435 
blocks in station CALE is either negligible or very low, with the exception of equipment EE2 436 
supported on a base isolator, which exhibits large failure probabilities for PGA>0.5 g.  437 

In contrast, the probability of failure due to far-field motions increases significantly for all 438 
support conditions, the most critical being the equipment simply supported on an isolated base. 439 
The use of anchors with a ductility capacity ratio of 3 = 2 slightly decreases the failure rates 440 
for all equipment studied; further analyses showed that this performance improves slightly with 441 
increasing ductility capacity ratios. A careful examination of the fragility functions in far-field 442 
conditions shows that the median value of PGA (i.e., PGA associated to a 50% probability of 443 
exceedance) increases approximately linearly with the block aspect ratio, $/ℎ, for the three 444 
support conditions studied.  445 



 446 

 447 
 448 

 449 
Fig. 14. Fragility functions for equipment EE2, EE8, and EE6 simply supported on a fixed base, 450 
anchored to a fixed base, and supported on bilinear base isolator. Results for near-source and far-field 451 
ground motions shown on the left and right columns, respectively. 452 

3.5 TOPPLING RISK 453 

The mean annual rate of failure of the equipment was computed by numerically integrating 454 
Eq. (8), and expressed in terms of the reliability index ? using Eq. (9). The results in Figure 15 455 
show the reliability index versus the block aspect ratio (top) and block size (bottom) for the 456 
nine equipment studied. Despite the few toppling events observed in near-source conditions 457 
(left plots), it is apparent that the freestanding and anchored equipment have larger ?-values 458 
than base-isolated equipment. This trend is more evident for equipment in far-field conditions 459 
(right plots), as the base-isolated equipment has significantly lower ?-values. Overall, the 460 
reliability index increase with $/ℎ and �, but this dependence is almost linear with $/ℎ at CU 461 
for the three support conditions studied. In fact, for the nine equipment studied, the aspect ratio 462 



is the geometric feature that best correlates with the toppling risk (positive correlation). This 463 
results are consistent with observations from past research (e.g., [17, 27, 30]). 464 

 465 

 466 

 467 
Fig. 15. Reliability index ? [41] versus block aspect ratio $/ℎ (top) and block size � (bottom) for 468 
equipment under study. 469 

A comparative analysis of the reliability index was conducted for anchored equipment 470 
using ductility capacity ratios 3 = {1, 2, 4}, and base isolated equipment with natural periods 471 \G = {1	U, 2	U, 3	U} and a mass ratio of M = 0.1. Results are shown in Figure 16 for anchored 472 
(top) and base isolated (bottom) equipment. Notice that increasing the anchor ductility 473 
improves the response for all equipment, and thus, the toppling risk is reduced. In addition, of 474 
the three base isolation periods studied, a period of \G = 3	U was more effective in near-field 475 
conditions, and a period of \G = 1	U was the most effective in far-field conditions. 476 

These integrated results confirm the observations made previously and should aid designers 477 
in selecting the proper mitigation strategies against toppling, and identifying the key aspects 478 
that influence the response of a rigid electric equipment, e.g., geometry, frequency content of 479 
input motion, and support conditions.  480 

CONCLUSIONS 481 

This study evaluates the seismic toppling risk for rigid electrical equipment by integrating 482 
their collapse fragility functions and the site-specific seismic hazard. The methodology is 483 
implemented for nine equipment used in Mexican and US power plants with height between 3 484 
and 5 m, covering a range of frequency parameters (1.54 < p < 2.16 rad/s), and block 485 
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dimensions (1.58 < R < 2.49 m). Two sets of ground acceleration records from 32 Mexican 486 
earthquakes were considered in the development of fragility functions: one set consisting of 70 487 
near-source ground motions and other set consisting of 58 far-field ground motions, which 488 
differ primarily in the frequency content and duration. Three equipment configurations were 489 
analyzed: 1) equipment simply supported on a fixed base; 2) equipment anchored to the 490 
foundations; and 3) equipment supported on an isolated base. The most important conclusions 491 
include: 492 

 493 

 494 

 495 

Fig. 16. Reliability index ? [41] versus block aspect ratio $/ℎ for anchored equipment (top) and base 496 
isolated equipment (bottom) under study.  497 

• For the near-source ground motions, very few collapse events were observed and in 498 
most cases, the anchored or base isolated equipment performed just as well as simply 499 
supported equipment. With the exemption of the base isolated equipment EE2, the 500 
computed reliability indices are above 3.5 (i.e., a return period of 4300 years). 501 
Therefore, the implementation of mitigation measures for these conditions may not be 502 
justified. 503 

• The set of far-field ground motions caused significantly more collapses than the set of 504 
near-source ground motions, because of the lower frequency content and longer 505 
duration of shaking. Out of the three configurations analyzed, the anchored equipment 506 
was the most reliable (i.e., lower probability of toppling) and resulted in superior 507 



stability compared to the freestanding equipment. Further analysis showed that 508 
reliability indices increased slightly with increasing ductility of the restrainers. On the 509 
other hand, the use of base isolation with a fundamental period of \G = 1U was 510 
detrimental for all equipment, a condition that worsened with increasing \G values. This 511 
result is consistent with the conclusion by Vassiliou and Makris (2012) [27] about the 512 
ineffectiveness of base isolation of large blocks. 513 

• For the two sets of ground motions and the three equipment configurations studied, the 514 
reliability index increases almost linearly with the block’s aspect ratio, $/ℎ. Likewise, 515 
the reliability index increases (not monotonically) with the block size, �. From the 516 
results obtained, the aspect ratio is the geometric features that best correlates with the 517 
toppling risk of rigid blocks. 518 

Finally, this study presents reference values of the toppling risk for typical electrical equipment 519 
subject to strong ground motions and highlights the influence of the ground motions frequency 520 
content. These results should aid in the risk assessment of more complex systems and networks; 521 
extending this methodology to other seismic environments and equipment is straightforward. 522 

 523 
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