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ABSTRACT
This study discusses a general formulation for risk assessment of ground-mounted rigid sliding equipment and contents during earthquakes. The displacement and acceleration response of blocks during earthquakes and risk were examined for four types of support conditions: (1) equipment simply supported on a foundation; (2) equipment restrained to a fixed base; (3) equipment supported on a linear viscoelastic isolation system; and (4) equipment supported on a single concave spherical sliding (SCSS) isolation system. Because empirical fragility functions for sliding-dominated equipment remain insufficient, the present study relies on numerical analysis and a solid physical background to compute risk. These results should aid designers in the selection of appropriate support conditions or mitigation measures for rigid equipment and contents in seismic-prone regions.
As an example, the seismic response of rigid equipment is illustrated using ground motions from the recent (2017) Mexico earthquakes, which damaged several pieces of equipment in the largest oil refinery in Mexico. Furthermore, the effects of site-to-source distance for sites located on ﬁrm soil are studied in detail, as the frequency content of these ground motions differ signiﬁcantly and play a key role in the reliability of sliding blocks. The results of the seismic risk assessment show that low-frequency ground motions (i.e., far-field site) generally yield lower maximum and residual equipment displacements compared to those from high-frequency ground motions (i.e., near-source site). This investigation also concludes that the reliability of freestanding and base-isolated equipment in terms of maximum absolute block accelerations is higher than that of anchored equipment.
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1. Introduction
Freestanding equipment at critical facilities are highly vulnerable to rocking, overturning and residual lateral displacement during earthquakes (e.g., Soong et al. 2000; Lopez Garcia and Soong 2003a,b; Alhan and Gavin 2005; Hutchinson and Chaudhuri 2006; Jaimes et al. 2013; Lin et al. 2015; Jaimes and Candia 2018). To improve the response of the equipment, mitigation measures such as restrainers or base-isolated slabs have been developed, but even these solutions may result in excessive damage due to large ground accelerations (Lopez Garcia and Soong, 2003b). In non-slender blocks, one way to prevent rocking is to allow the block to slide freely. However, it is necessary to quantify and limit the amount of slip to avoid the impacts against adjacent objects or building components, as well as large accelerations, to minimize the internal damage of sensitive equipment.
On September 7, 2017, a Mw 8.2 intermediate-depth normal earthquake struck the Gulf of Tehuantepec in Chiapas, Oaxaca (Mexico), being the largest earthquake in the region since the 1932 Mw 8.2 Jalisco earthquake. The 2017 Oaxaca earthquake severely damaged houses, heritage buildings, bridges, and power stations located near the epicenter. No structural damage was reported at the state-owned Salina Cruz Refinery, the largest oil refinery in Mexico with an installed capacity of 330,000 barrels per day. The earthquake, however, induced large lateral displacements on the electricity generators (Figure 1) that power the plant (PEMEX 2017). These generators affected an adjacent steam turbine and auxiliary equipment, causing severe damage to its internal components. As a result, the plant was shut down as a precaution, and operations resumed 2.5 months later with the aid of two leased diesel generators; unfortunately, a leased generator was damaged during the transportation and installation. Further details are presented in Section 3.
The sliding response of freestanding rigid blocks to a base excitation is founded on the principles of rigid body dynamics, for which a vast body of literature exists (e.g., Newmark 1965; Lopez Garcia and Soong 2003a,b). After studying the seismic behavior of earth dams and embankments, Newmark 1965 developed a simplified method to estimate residual displacements of a rigid soil block sliding on a rough surface. In this method, residual displacements are computed as the double integral of the acceleration in excess of the yield acceleration, i.e., the acceleration level required to initiate slip in the system. This pioneering work became a standard for evaluating earth slopes and embankments.
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Figure 1. Damage by excessive lateral displacement of an electricity generator at the Salina Cruz Refinery during the 2017 Mw 8.2 Oaxaca, Mexico earthquake. a) Electricity generator TG-2 (turbine, generator and auxiliary equipment), and b) damage of floor slab due to collision between the floor slabs.
Aslan et al. (1975) conducted shaking table tests to study the sliding response of rigid concrete blocks under horizontal and vertical excitations and developed analytical predictions of the block response within a 10% error. Jones and Shenton (1990) used numerical analysis to study the sliding-rocking response of rigid blocks to earthquake ground motions for a range of contact parameters. Shenton and Jones (1991a,b) described the governing differential equations of motion for freestanding rigid bodies, and Agbabian et al. (1991) discussed analytical and experimental techniques for evaluating earthquake rocking, overturning, and sliding susceptibility of museum objects. Several authors (e.g., Shenton 1996; Pich 1995; Shao and Tung 1999; Taniguchi 2002; Aydin 2006) have derived the equations of motion and the initiation criteria of the different response modes of freestanding rigid blocks, including sliding, rocking, uplift, and sliding-rocking modes. Shao and Tung (1999) also estimated the sliding distance and the probability of overturning for nonsymmetrical rigid bodies considering a suite of 75 real earthquake recordings. More recently, Choi and Tung (2002) showed that Newmark’s model could effectively reproduce the earthquake-induced displacement of rigid blocks standing at ground level or at the different floors of a building if appropriate adjustment factors are used.
Lopez Garcia and Soong (2003a) studied the seismic fragility of unrestrained block-type equipment considering two failure modes: excessive relative displacement and excessive absolute acceleration. Hutchinson and Chaudhuri (2006) developed analytical fragility functions for unrestrained scientific equipment subjected to ground motions, and Konstantinidis and Nikfar (2015) conducted experiments to study the sliding response of freestanding and anchored laboratory equipment in base-isolated buildings. More recently, Lin et al. (2015) studied the sliding of contents in simple linear-elastic structures subjected to base accelerations.
Seismic mitigation measures against block sliding (e.g., base isolation or restrainers) have been studied numerically and experimentally. When properly designed, the base isolation of rigid blocks can effectively reduce sliding and the accelerations transmitted to the block (e.g., Alhan and Gavin 2005). However, conventional passive isolation systems may suffer from low-frequency resonance, especially when subjected to long-period pulses such as the ground motions from near-fault earthquakes (Makris and Chang 2000). This effect leads to large shaking amplification of the isolation floor, compromising the isolated object (Makris and Chang 2000, Alhan and Gavin 2005, Contento and Di Egidio 2014).
Lopez Garcia and Soong (2003b) studied restrained blocks under earthquake loading; the authors showed that restrainers (e.g., cables and anchors) reduce the block’s sliding response at the expense of increased accelerations, which can be harmful to precision equipment. Configuration details of base-isolated and restrained equipment are discussed in the next section.
The purpose of the present study is to evaluate the seismic risk of sliding rigid blocks, such as power generators, based on numerical solutions of the governing differential equations and the site-specific seismic hazard. Four types of support conditions are considered in the analysis: (1) equipment freestanding on the foundation; (2) equipment restrained to a fixed base; (3) equipment supported on a linear viscoelastic isolation system; and (4) equipment supported on a single concave spherical sliding (SCSS) isolation system. As an example, this study uses Mexican seismicity and Mexican electrical equipment to illustrate the effect of near-source and far-ﬁeld ground motions on the seismic risk. Design recommendations are provided for the type of sliding mitigation measure appropriate for these different seismic environments. Finally, this study provides reference values of the seismic risk for typical sliding equipment subject to ground motions with different frequency content (i.e., near-source versus far-ﬁeld ground motions). Additionally, this study uses records from the 2017 Mw 8.2 Oaxaca earthquake (Mexico), which damaged several equipment located near the rupture area.
2. METHODOLOGY
The seismic risk of sliding rigid blocks is described in three steps: (1) evaluation of the seismic response; (2) development of sliding and acceleration fragility functions; and (3) convolution of seismic hazard and fragility functions. These steps are explained next.

2.1 SEISMIC RESPONSE
Four equipment configurations are considered in this study: (1) equipment simply supported on a foundation; (2) equipment restrained to a fixed base; (3) equipment supported on a linear viscoelastic isolation system; and (4) equipment supported on a single concave spherical sliding (SCSS) isolation system. In all cases, the base excitation acts along the horizontal axis. In addition, the dimensions of the equipment are such that rocking and uplifting motions cannot occur. Thus, the position of the block relative to the foundation is described with a single degree of freedom , as shown in Figure 2. The governing equations of motion for each configuration are presented herein.
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Figure 2. Schematic view of rigid electrical equipment in sliding motion: a) equipment simply supported on a fixed base; (b) equipment restrained to a fixed base; c) equipment supported on a seismic base isolator on linear viscoelastic bearings; and d) equipment supported on a SCSS isolator.
2.1.1 Equipment simply supported on a fixed base
The relative position of a simply supported block due to ground acceleration  (Shenton and Jones 1991a; Shenton 1996; Lopez Garcia and Soong 2003a) is described as the second-order differential equation
	
	(1)


where  is the block acceleration relative to the ground,  is the relative block velocity, the term  is the friction force developed at the interface,  is the coefficient of kinetic friction, and  is the gravity acceleration. Dividing both sides of Equation (1) by the block mass , the equation of motion reduces to
	
	(2)


Note that the friction force always acts in the direction opposite to the velocity, and when the inertia forces are not sufficient to mobilize the friction, no slip occurs, in which case the equation of motion is .
2.1.2 Equipment simply supported on a linear viscoelastic isolation system
The equation of motion for a block simply supported on a linear viscoelastic isolation system can be derived from Equation (1) by substituting  with , where  is the position of the isolated base relative to the ground. Then, Equation (1) becomes
	
	(3)


 Moreover, the horizontal force equilibrium of the isolated base gives
	
	(4)


where  is the mass of the isolated base, and  and  are the stiffness and damping of the isolation system, respectively. In Equations (3) and (4), the acceleration terms  and  can be written explicitly as a function of the state variables , , , and  as
	
	(5.1)

	
	(5.2)


where ,  and .
2.1.3 Equipment supported on a bilinear isolation system
Analogous to Equation (4), the equation of motion for a block sliding on a bilinear isolated base of strength and yield displacement  can be written as
	
	(6)


where  represents the second slope of the bilinear idealization,  is the mass of the isolated base, and  is a dimensionless Bouc-Wen parameter (Equation 7) to characterize the forces in the isolator.
	
	(7)


This formulation reasonably approximates the response to two types of base-isolation systems: single concave spherical sliding (SCSS) bearings, in which case the strength  takes the form, where  is the friction coefficient, and lead rubber bearings with horizontal strength. Combining Equations (3), (6) and (7), the acceleration terms  and  can be written as
	
	  (8.1)

	
	  (8.2)


In the illustrative examples, a very small value for the yield displacement was adopted for the base isolation (, Mokha et al. 1988), which approximates the ‘stick-slip’ behavior of sliding systems. Vassiliou and Makris (2012) showed that the response of the system is not very sensitive to small variations in .
A key element influencing the displacement response of free and isolated blocks is the coefficient of kinetic friction. Figure 3 shows the response in terms of residual displacements (top axes) and maximum displacements (bottom axes) of a freestanding and linear viscoelastic base-isolated block subjected to a symmetric Ricker or ‘Mexican Hat’ wavelet (Vassiliou and Makris, 2012) of predominant period, amplitude , and kinetic friction . The dark line in each plot in Figure 3 marks the transition between the ‘friction efficient zone’ and the ‘friction inefficient zone’. In the friction efficient zone, an increase in kinetic friction decreases both the residual and maximum displacements, whereas the opposite is observed above the transition line. Additionally, notice that an increase in the acceleration amplitude always leads to increasing displacements. Finally, the results from this example show that the displacements in the linear-elastic base-isolated block relative to its base are larger than the displacements in the simply supported block.
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Figure 3. Contours of residual and maximum displacements (in meters) for (a) a freestanding block and (b) a linear viscoelastic base-isolated block () subjected to a symmetric wavelet of period.
2.1.2 Equipment restrained to a fixed base
Lopez Garcia and Soong (2003b) developed the equation of motion for equipment anchored to a base with four linear-elastic prestressed rods and a small displacement formulation. Herein, we extended this formulation to account for large displacements and prestressed elasto-plastic-brittle (PEPB) anchors with ultimate strength, yield deformation, and ductility capacity ratio. For simplicity, the stiffness of the elastic branch  is defined in terms of the natural period  of a block restrained with four linear elastic anchors as defined in Lopez Garcia and Soong (2003b). Thus, the element stiffness is simply , where  is the anchor length and  is the anchor offset along the x direction, as shown in Figure 2b. The governing equation for the anchored equipment is
	
	(9)


where the term  is the sum of the left and right anchor loads projected in the horizontal direction and the term  is the sum of the left and right anchor loads projected in the vertical direction. Both terms account for the prestress load  and the effect of geometric nonlinearity. For a complete derivation of the terms  and , refer to appendix A.
A schematic representation of the load-deformation relation of a PEPB anchor is shown in Figure 4a. Fracture in the anchor occurs if the element deformation  satisfies, where  is the initial deformation due to prestress, and  is the ultimate deformation. Once the anchor breaks, the anchor load is zero.
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Figure 4. (a) Schematic representation of a stress-strain relationship of a PEPB element and (b) flowchart for the calculation of the anchor load  and fracture index  in discrete form.
To incorporate the hysteretic behavior of the PEPB element into the numerical integration scheme of Equation (9), two memory parameters are defined, namely, the anchor load  and the fracture index , such that  before the anchor breaks and  after the anchor breaks. A discrete-time representation of the load-deformation relationship of the PEPB element is presented in Figure 4b, where ,  and  represent the deformation, load, and fracture index, respectively, of the anchor at time , and ,  and  are the deformation, load, and fracture index, respectively, of the anchor at time .
Importantly, since actual anchored equipment have natural period  (Lopez Garcia and Soong 2003b), a value of  s is considered in this study. The key factors that influence the response of the restrained blocks are the strength and ductility of the anchors. For example, consider a restrained block subjected to a symmetric Ricker wavelet with an acceleration amplitude of 1g and a predominant period of 1 s. For a fixed value of kinetic friction , natural period  anchors with strength ratio , and ductility ratio , the response of the block is shown in Figure 5 in terms of maximum displacement (D) and maximum block acceleration (A). In both diagrams, the region to the left of the dashed line corresponds to  and  combinations resulting in the fracture of both anchors, and vice versa. Notice from Figure 5a that D is significantly amplified for a wide range of  values, but D decreases for  and approaches ‘zero’ for . This improved displacement control contrasts with the increasing maximum block acceleration, as shown in Figure 5b. From this figure, it is apparent that  is not very sensitive to variations in the ductility ratio above ~1.5-1.6, but it increases monotonically with the anchor strength. Although the diagrams in Figure 5 correspond to a simple wavelet, they can be reproduced for any input ground motion, thus aiding designers in the selection of appropriate anchor parameters. Finally, notice from Equations (1) to (9) that the block response is not an explicit function of the block dimensions, as it only depends on its support conditions.
2.1.4 Numerical integration and stopping criterion
Equations (2), (5), (8) and (9) were written in state format and integrated numerically using an explicit 4th order Runge Kutta method (Butcher 2016). Integration was carried over the entire length of the ground motion.
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Figure 5. Contours of (a) maximum block displacements, D (in meters), and (b) maximum block acceleration, A (in g’s) as a function of the strength  and ductility ratio  of the anchor. Simulations leading to rupture of both anchors are plotted to the left of the dashed line.
2.1.5 Validation examples
To verify the fidelity of the solution to Equation (1), an example available in the literature was reproduced herein. The response of a simply supported block to the ground motion Takatori-000 from the 1995 Kobe earthquake, Japan, successfully matched the results of Konstantinidis and Nikfar (2015), as shown in Figure 6a (compare to Figure 3 in Konstantinidis and Nikfar 2015). For the case of blocks restrained to the base with elastoplastic anchors and large horizontal deformations, no benchmark solutions were found in the literature. Nevertheless, as shown in Figure 6b, our solution of Equation (9) successfully reproduced the response of a block with linear elastic anchors (i.e., very large ratio ) obtained using the small-displacement approximation by Lopez Garcia and Soong (2003b) (refer to Equation 28 in Lopez Garcia and Soong 2003b). In this example, notice that the block displacements satisfy.
2.2 FRAGILITY FUNCTIONS
Fragility functions for a given engineering demand parameter (EDP) are defined as the probability of exceeding a demand level conditioned on the occurrence of a ground motion intensity (IM), i.e.,  vs . In this study, the structural reliability of sliding blocks is assessed independently for two EDPs: the maximum block displacement relative to its base (i.e., ) and the maximum absolute acceleration (i.e.,  or ). To develop the fragility functions, an incremental dynamic analysis (IDA, Vamvatsikos and Cornell 2002) was implemented. For this purpose, the equipment was subjected to a suite of horizontal ground motions scaled to identical peak ground acceleration (PGA) values. Then, for each ground motion level, the probability that an EDP exceeds a test value z is computed as the number of simulations where  divided by the total number of simulations.
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Figure 6. (a) Response of a sliding rigid block (=0.1) subjected to the ground motion Takatori-000 from the 1995 Kobe earthquake (NGAwest2 RSN1120, component H1) and (b) response of a block with linear elastic anchors (,,) computed using the small-displacement formulation by Lopez Garcia and Soong (2003b) and the current large-displacement approach.
2.2.1 Maximum block displacement
Engineering judgment is required to select the acceptable performance for each piece of equipment. The probability of failure of sliding-dominated equipment was obtained for displacement values between 0.01 and 1.5 m, which range from negligible displacements up to large displacements that could lead to impacts against nearby objects and severely damage the equipment’s internal components or displacements in excess of the support margins. To distinguish between zero and nonzero block displacements , the probability density function (pdf) of  conditioned on the ground shaking intensity can be written as
	
	(10)


where  is the Dirac delta function,  is the displacement threshold of the equipment regarded as negligible or ‘zero’,  is the probability mass at , which lumps all the displacement values , and  is the pdf for . This approach is similar to that used by Travasarou and Bray (2007) for the treatment of residual slope displacements computed from a stick-slip model. Nevertheless, if deemed necessary, other displacement thresholds can be adopted within the proposed methodology. From Equation (10), the probability of exceeding a displacement level, i.e.,, can be easily obtained.
2.2.2 Maximum absolute block acceleration
For simply supported blocks on a fixed base, the maximum absolute block acceleration is . Based on Equation (2), the probability that  exceeds a test value  is therefore
	
	(11)


where  is the Heaviside function. Equation (11) is also valid for equipment simply supported on an isolated base, except that the maximum block acceleration is . For anchored equipment, the anchors transmit accelerations to the block in excess of  and Equation (12) should be used instead. Since no analytical solution exists for  when , the fragility function in this case must be evaluated numerically from IDAs.
	
	(12)


In Equation (12),  is the number of simulations in which , and  is the total number of simulations. Computing  according to Equation (11) or (12) is immediate, and it can be achieved without resorting to analytical fragility functions. All fragility functions presented herein use PGA as the ground motion intensity measure (IM) because hazard analyses for PGA are widely available in engineering practice and easier to communicate to decision makers. Nevertheless, the same scheme is applicable to other IMs used to predict sliding of rigid blocks (e.g., Hutchinson and Chaudhuri 2006, Gelagoti et al. 2012).
2.3 EVALUATION OF SEISMIC RISK
The rate of exceedance of the maximum block displacements  can be obtained as the convolution of the displacement fragility function  and the site-specific seismic hazard curve  as
	
	(13)


A similar approach is used to compute the rate of exceedance of the maximum block acceleration ; for simply supported equipment on a fixed base or an isolated base, a close inspection of Equations (11) and (13) leads to
	
	(14)


The first part of this equation () corresponds to a no-slip condition, whereas in the second part, slippage takes place. Importantly, for anchored equipment, the  values for  are nonzero and must be evaluated numerically from IDAs.

3. AN ILLUSTRATIVE EXAMPLE
3.1 EQUIPMENT STUDIED
The present example evaluates the earthquake sliding risk of equipment typically used in Mexican refineries (see Figure 1). The analysis considers a nonslender rectangular block with mass  8.7 kN·s2/m and three values for the coefficient of kinetic friction: 0.10, 0.15, and 0.20.
Anchored blocks were modeled using four PEPB elements with lengths, , and ; natural period  (i.e., ); and ductility ratio . A parametric analysis considered anchor strength ratios  0.2, 0.3 and 0.4 with no prestress load. This combination of anchor stiffness and strengths corresponds to yield deformations of 1.0, 1.5 and 2.0 mm. In addition, setting the anchor strength at , the influence of the prestress load was studied for ratios 0.05, 0.10, and 0.15 (i.e., equivalent to 25%, 50%, and 75% of ).
For the linear viscoelastic and SCSS base-isolated systems, the analyses were conducted for a mass ratio . The lateral stiffness of the isolation system  was computed assuming natural periods of 1.0, and 2.0 s. In the case of a bilinear isolation system, the sliding friction coefficient  and yield displacement  were set after Vassiliou and Makris (2012), and the Bouc-Wen parameters  were used after Jaimes and Candia (2018).

3.2 SEISMIC HAZARD AND GROUND MOTION SELECTION
3.2.1 Seismic Hazard
To evaluate the influence of near-source and far-field ground motions, sliding risk analysis was conducted for equipment hypothetically placed at or near the ground motion stations SCRU (near-source, Site 1) and CU (far-field, Site 2). Station SCRU (16.187°N, 95.209°W) is located on a rock outcrop at the Oaxaca subduction zone, just 120 km northwest of the epicenter of the great Mw 8.2 Chiapas earthquake of 2017. Analogously, station CU is located in Mexico City (19.330°N, 99.181°W) over thick deposits of basaltic lava flows at a distance of ~300 km west of the Michoacán subduction zone and 110 km northwest of the Mw 7.1 2017 Puebla earthquake. Both stations are located on class B sites according to ASCE/SEI 7-10 (2010).
The rate of exceedance of PGA at each location was computed through a standard probabilistic seismic hazard analysis (PSHA). Three seismic source types were considered along the Pacific coast of Mexico, as shown in Figure 7 (Ordaz and Reyes 1999; Jaimes and Reinoso 2006), each with specific ground motion models (GMMs). The ground motion models used within each source type are summarized in Table 1; for additional details of the seismic hazard model used, refer to Jaimes and Candia (2018).
Table 1 – Ground motion models (GMMs) used in the seismic hazard computation
	Source type
	SRCU sites (near-source)
	CU sites (far-field)

	Interface
	Arroyo et al. (2010)
	Jaimes et al. (2006)

	Intermediate depth (slab)
	Garcia et al. (2005)
	Jaimes et al. (2015)

	Shallow crustal
	Abrahamson and Silva (1997)
	Jaimes et al. (2016)



The seismic hazard was implemented in the software SeismicHazard (Candia et al. 2019), and the results are shown in Figure 8 in terms of the mean annual rate of exceedance of PGA, .

[image: ]
Figure 7. Mexican seismic sources after (Ordaz and Reyes 1999, Jaimes and Reinoso 2006).
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Figure 8. Annual rate of exceedance of PGA at site 1 (near-source) and site 2 (far-field).
3.2.2 Ground motions
The dynamic response of sliding equipment is highly sensitive to PGA, peak ground velocity (PGV), and frequency content, among other IMs. To capture the influence of the frequency content of the ground motion on the sliding response, this study uses different criteria to obtain either near-source or far-field ground motions.
In the first case (i.e., near-source ground motions), a dataset of 12 Mexican earthquakes (6 ≤ Mw ≤ 8.2) containing 32 near-source ground motions was selected (Table 1A). The near-source ground motions have an average period  (Rathje et al. 1998) between 0.02 s and 0.56 s (i.e., high frequency content), as shown in Figure 9. Watson-Lamprey & Abrahamson (2005) showed that scaling factors as high as 20 introduce no bias in the median response of rigid sliding blocks. Herein, the 32 selected ground motions required maximum linear scaling factors (SFs) of 10 to cover the range of intensities needed to develop the fragility functions and the hazard levels of interest.
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Figure 9. Average period of input ground motions considered for risk analysis
A summary of the earthquake parameters is shown in Table B1 in Appendix B; the location of the epicenters and the ground motion stations is presented in Figure 10.
In the second case (i.e., far-field ground motions), we adopted a set of 48 synthetic ground motions computed in accordance with the 2017 Mexico City Seismic Design Provisions (NTCD-2017; 24 ground motions due to intermediate depth intraslab mechanism and the remaining due to subduction mechanism). The seed ground motions were obtained from the September 19, 2017, Mw 7.1 intermediate depth instraslab earthquake, and the September 19, 1985, Mw 8.1 subduction interface earthquake, both recorded at station CU. These ground motions preserve the main characteristics of the seed records; for instance, the average period of the synthetic ground motions are scattered between 0.13 s and 2.2 s, which is the typical distribution of the average period observed in actual CU records.
[image: ]
Figure 10. Epicenters of selected earthquakes and location of ground motion stations.
The reason for using synthetic - and not actual - ground motions is the limited number of events recorded at station CU that result in scaling factors less than 10 (only four records from events 1 and 12 in Table B1). These design provisions incorporate the use of an intensity-based assessment approach (i.e., spectra matching, Kiureghian and Neuenhofer 1992) to undertake rigorous nonlinear analysis of structural systems and a site-specific uniform hazard spectra (UHS) for the generation and scaling of ground motions. Since the ground motions must collectively represent the design earthquakes, it is required that the source mechanism of the seed records be representative of the local seismicity and that their frequency and energy content be compatible with those observed in real records. Based on seismic hazard deaggregation studies, the recent design provisions establish that the design earthquakes within Mexico City must be mainly controlled by two seismic scenarios (NTCD-2017): (1) an intermediate depth instraslab event with a magnitude Mw=7.5 at a rupture distance of 150 km and (2) a subduction event with magnitude Mw=7.8 at a distance of 265 km. In this regard, linear scaling factors less than 10 were used to cover the range of intensities needed to develop the fragility functions. Research is underway to assess the consequences of linearly scaling ground motions within the context of an incremental dynamic analysis of sliding rigid bodies.
3.3 Seismic RESPONSE OF ELECTRICAL EQUIPMENT
For each support condition (freestanding, anchored, or base isolated), the response of the equipment due to the 32 near-source and 48 far-ﬁeld ground motions was computed numerically. Ground motions were scaled to PGA between 0.05 and 1.2g (near-source), in 0.05g increments and between 0.05 and 0.35g (far-ﬁeld), in 0.02g increments, from which fragility functions were developed. The next examples discuss the sliding response of three identical blocks with different support conditions: simply supported, linear viscoelastic base-isolated (, , and =0.25), and anchored to a fixed base (=0.1 s, , , ). For the three blocks, a friction coefficient of  was considered at the support.
In the first example, consider three blocks subjected to the east-west component of the ground motion recorded at station SCRU during the Mw 8.2 Chiapas earthquake of 2017. A factor of 4.3 was used to scale PGA to 1.0g. The ground acceleration and the block response histories are presented in Figure 11. This plot shows that in the simply supported equipment (left) and the linear viscoelastic base-isolated equipment (middle), the maximum block acceleration is, i.e., the mobilization of the shear strength at the support prevents the block from developing larger acceleration values. In contrast, the anchored equipment (right) develops large accelerations in the early phase of the ground motion, as the restrainers transmit acceleration pulses to the equipment in excess of . After the anchor’s fracture (), the block behaves as a freestanding block, and the maximum accelerations remain bounded by . On the other hand, the maximum displacement  is nearly identical for the simply supported and anchored equipment () and slightly lower in the linear viscoelastic base-isolated equipment (). Finally, note that the residual displacement in the simply supported anchored blocks is approximately 0.09 m, almost twice that computed in the linear viscoelastic base-isolated block (0.046 cm). This level of permanent displacement during strong ground shaking may render equipment unusable or significantly damaged.
In the second example, the same three blocks were subjected to the east-west component of the ground motion recorded at station CU (far-ﬁeld) during the 2017 Puebla earthquake. A scale factor of 6.2 was applied to yield a PGA of 0.35g; results from these analyses are shown in Figure 12. Similar to example 1, the maximum block acceleration is bounded by  in the simply supported blocks. In contrast, the anchors did not fail, and the anchored block developed a maximum acceleration of . In terms of maximum displacements , the freestanding block reached , whereas the base-isolated block and the anchored block developed  values close to zero. The permanent displacement in the three support conditions studied was less than 1 cm. Despite the large ground motion intensity, the benefits of displacement mitigation measures are not evident from this example. A proper assessment of these demand parameters is critical for retrofitting and designing sensitive equipment because they provide the basis for risk-based decision making.
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Figure 11. Seismic response of equipment to the September 7, 2017, Mw 8.2 earthquake recorded at the SCRU station (near source) scaled to PGA=1.0g. Left: equipment simply supported on a fixed base; middle: equipment supported on a linear viscoelastic isolation system; and right: equipment anchored to a fixed base.
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Figure 12. Seismic response of equipment to the September 19, 2017, Mw 7.1 earthquake recorded at the CU station (far-ﬁeld) scaled to PGA=0.35g. Left: equipment simply supported on a fixed base; middle: equipment supported on a linear viscoelastic isolation system; and right: equipment restrained to a fixed base.
3.4 FRAGILITY FUNCTIONS
After running the IDAs, the fragility functions for the maximum block displacement  and the maximum block acceleration  are computed for each block configuration as described in Section 2.2.
To illustrate the effects of the ground motion variability on the displacement , the next example shows a cross section of the fragility function  for fixed values of the ground shaking intensities:  and  (near source, left) and  and  (far-field, right), and displacement values up to 2 m. The results in Figure 13 consider equipment with four support conditions on the foundation: a) freestanding, b) anchored (, , , ), c) linear viscoelastic isolation system (, , and =0.25), and d) SCSS isolation system (, , and =0.25). In all cases, two friction coefficients were considered at the support:  (solid line) and  (dotted line). The complementary cumulative distribution functions (CCDF) in Figure 13 are from near-source motions (left column plots) and far-field motions (right column plots). This example illustrates that as the friction coefficient  decreases, the probabilities of maximum block displacements become higher, which holds for both sites and the four support conditions studied. This example also shows that the frequency content of the ground motion has a significant impact on the displacement CCDFs. For instance, with the exception of the anchored blocks, it can be observed that the conditional probabilities  are higher at the far-field site (i.e., low-frequency ground motions) than at the near-source site (i.e., high-frequency ground motions).
Similarly, Figure 14 shows cross sections of the fragility functions for the maximum block acceleration  for three fixed PGA values and increasing  values. This example considers an equipment anchored to a fixed base (, , , ) and two friction coefficients:  (solid lines) and  (dotted lines). From Figure 14, it is apparent that the probability of exceeding an acceleration value “” decreases with increasing friction coefficient. Likewise, Figure 14 shows that the frequency content of the ground motion has a significant effect on the maximum acceleration response.
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Figure 13. Complementary cumulative distribution functions (CCDF) of the maximum block displacement at the sites SCRU (near sources, left) and CU (far-field, right) for a block simply supported (a) on a fixed base, (b) anchored to a fixed base, (c) on a viscoelastic isolation system with  and (4) on a SCSS isolation system with . Two values of the base friction coefficients are considered ( and 0.3).
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Figure 14. Complementary cumulative distribution functions (CCDF) of the maximum block acceleration of a block anchored to a fixed base derived from near-source (left) and far-field (right) ground motions.
3.5 damage exceedance rates
The damage exceedance rate functions  and  were computed from Equations (13) and (14), respectively, using numerical integration. A summary of the main findings is presented next.
3.5.1 Maximum block displacement
Figures 15 and 16 show  computed for simply supported, anchored, and base-isolated equipment. Additionally, seismic hazard curves (black lines) for the peak ground displacement (PGD) are also presented. Separate curves were developed for sites SCRU (near-source, NS) and CU (far-field, FF). Recall that all displacements  smaller than  are regarded as ‘zero’ or ‘negligible’ displacement; therefore, the plateau of each damage rate function is the rate corresponding to ‘’.
The examination of these damage rate functions helps to identify the most efficient (or inefficient) support conditions within the context of performance-based design. For example, at the near-source site SCRU (solid lines), the block displacements of freestanding equipment (Figure 15a) associated with a 1000-year return period (i.e., D1000) are 0.16, 0.10 and 0.06 m for kinetic friction coefficients of and , respectively. Anchored equipment with  (Figure 15b) resulted in D1000=2.3 cm for  and D1000≤1.0 cm for higher base friction. Analogously, the 10000-year return period displacement (i.e., D10000) for freestanding equipment is almost twice that computed for the anchored equipment, mainly for friction coefficients . In addition, it is apparent that increasing the anchor strength decreases the displacement exceedance rates (Figure 15c) and that the prestress load on the anchors has only a marginal effect on the risk reduction (Figure 15d). For a summary of the computed D1000 and D10000 values, refer to Table B2 in Appendix B.
At the far-field site CU (dashed lines), the D1000 values for the freestanding equipment are 0.035 m for , and negligible otherwise. Additionally, D1000 and D10000 are negligible for all the anchored block configurations studied, making it a very effective displacement control method.
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Figure 15. Risk curves for maximum block displacement at the sites SCRU (near source, solid lines) and CU (far-field, dotted lines) for equipment simply supported (a) on a fixed base, (b) anchored to a fixed base with varying friction coefficient, (c) anchored with varying  ratio, and (d) anchored with varying prestress load ratio . The hazard curve for PGD is included as a reference.

Finally, notice that the D hazard curve of the free and anchored blocks at the far-field site CU (i.e., low-frequency ground motions) is lower than the PGD hazard curve for a wide range of return periods. At the near-source site SCRU (i.e., high-frequency ground motions), the D hazard curves are slightly higher than the PGD hazard curves for hazard levels between  and .
For blocks supported on linear viscoelastic and SCSS isolators (Figure 16), the displacement risk decreases with increasing base friction and with increasing fundamental period. This result was observed for both near-source and far-field sites. See Table B3 in Appendix B for a summary of reference D1000 and D10000 values for base-isolated equipment.
[image: ](b)
(a)

[image: ](d)
(c)

Figure 16. Risk curves for maximum block displacement at the sites SCRU (near source, solid lines) and CU (far-field, dotted lines) for equipment simply supported (a) on a viscoelastic isolation system with , (b) on a viscoelastic isolation system with , (c) on a SCSS isolation system with , and (d) on a SCSS isolation system with . Three values of the base friction coefficient are considered. The hazard curve for PGD is included as a reference.

While Figures 15 and 16 allow evaluation of how the design parameters affect  and , it is not simple to compare the relative performance between different support conditions. For this purpose, Figure 17 shows a direct comparison of the four support configurations for near-source (left) and far-field (right) sites: i) freestanding (), ii) anchored (, ,  and ), iii) linear viscoelastic isolation system (, , and =0.25), and iv) SCSS isolation system (, , and =0.25). At the near-source site, the freestanding and base-isolated blocks have similar curves , whereas at the far-field site, the risk computed in the anchored block is persistently lower.
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Figure 17. Comparison of displacement risk curves for selected blocks with different support conditions and located at the (a) near-source site and (b) far-field site. Base friction  in all cases. In both (a) and (b), the hazard curve for PGD is included as a reference.
In the present study, the fragility functions were derived from a standard incremental dynamic analysis (IDA), a procedure that may introduce biases in the estimation of risk measures if not done carefully. To address this problem, our preliminary results using alternative ground-motion selection techniques (e.g., the conditional scenario spectra, CSS, approach as described in Arteta and Abrahamson 2019) show that the displacement risk curves of the freestanding blocks agree very well with the IDA-based approach used herein, as shown in Figure 18.
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Figure 18. Comparison of displacement risk curves for a simply supported rigid block. The IDA-based curve uses fragility functions derived from a standard incremental dynamic analysis; the CSS-based approach estimates  by adding the rates of occurrence assigned to each ground motion selected using the CSS framework (Arteta and Abrahamson 2019).

3.5.2 Maximum absolute block acceleration
The rates of exceedance of the maximum block acceleration  are presented in Figure 19 for several anchored blocks located at the near-source and far-field sites. Note that the risk curve  coincides with the local seismic hazard curve for  since no slippage has taken place. Once the friction is overcome and before the anchors break, the risk curve  is higher than the seismic hazard curve. Therefore, the use of anchors may be detrimental in areas of high seismicity where acceleration-sensitive equipment is used. Additionally, notice that the risk curve  drops sharply to ‘zero’ for large  values. This occurs when the block displaces enough to mobilize the base friction and the anchors reach the fracture displacement.
From Figure 19a, it is apparent that a higher base friction is desired as it leads to lower exceedance rates of the maximum block acceleration; this improvement, however, is not very significant. To illustrate this, consider Figure 19a for a PGA equal to 0.2g, where the equipment base friction resistance is already surpassed for ; consequently, the maximum block acceleration is increased due to the anchors action. For a PGA of the same order, but considering equipment with  and 0.3, sliding has not occurred yet and there is no acceleration amplification, therefore. On the other hand, Figure 19b shows that increasing  ratios result in a right shift of the risk curve (i.e., higher risk) at the near-source site, which could be important.
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Figure 19. Risk curves of the maximum block acceleration for equipment (a) anchored to a fixed base with varying friction coefficient, (b) anchored to a fixed base with varying anchor strengths. In both (a) and (b), the hazard curve for PGA is included as a reference.
3.5.3 Summary of key observations
Since the design strategy may vary from site to site (among other aspects), we included some key observations that could be a general guidance to practitioners.
1. Based on the present results, if the equipment is sensitive to absolute acceleration, the seismic risk of equipment restrained to a fixed base (e.g., using anchors) is always higher compared to that of the other simply supported equipment or base-isolated equipment, as restrainers transmit accelerations to the block in excess of the yield acceleration (i.e., in excess of ).
2. Conversely, it is noted that when the equipment is sensitive to displacement, the restrained equipment offers greater seismic reliability with respect to other support conditions, particularly at sites subjected to low-frequency ground motions (i.e., far-field). 
3. Finally, when a base isolation system is selected to control the response of equipment, a cost-benefit analysis should be performed, taking into account the relative cost of base-isolated solutions. It was noted that for the two sites studied, the isolation systems with a natural period  achieved a better performance than that of isolation systems with . Out of the two base-isolation solutions considered, in most cases the SCSS isolation system with  performed better than the freestanding equipment in terms of the maximum block displacements.
The current study shows the importance of identifying the performance objective (e.g., acceleration or displacement) for each type of support condition and of using site-specific ground motions in the selection and design of the most appropriate mitigation measure.
Conclusions
This study evaluates the reliability of rigid equipment in terms of the maximum displacement and maximum acceleration during earthquakes. Four equipment configurations were analyzed: (1) equipment simply supported on the foundation; (2) equipment restrained to a fixed base with ductile anchors; (3) equipment supported on a linear viscoelastic isolation system; and (4) equipment supported on a single concave spherical sliding (SCSS) isolation system. For each configuration, numerical fragility functions were developed using incremental dynamic analyses (IDAs).
The results show that the exceedance probability functions for maximum block displacements are very sensitive to the ground motion dataset used in the IDA (Figure 13). Indeed, for freestanding and base-isolated blocks, the low-frequency ground motions (i.e., far-field) yield higher probabilities of displacements exceedance for a given PGA value compared to those of the high-frequency ground motions (i.e., near-source). Likewise, the fragility functions for maximum block acceleration (Figure 14) are also very sensitive to the underlying ground-motion dataset, with higher probabilities of block acceleration exceedance for a given PGA value observed at the near-source site.
In terms of maximum displacements (D), the use of ductile anchors significantly improves the performance of blocks at the near-source and far-field sites. Viscous base-isolation systems with natural periods  of 1 s and 2 s, and SCSS isolation systems with  yield larger displacements (D1000, D10000) than freestanding equipment, therefor its use is not recommended. In contrast, SCSS isolation systems with a period  and base friction  yield slightly smaller D values compared to freestanding equipment.
In terms of maximum block accelerations (A), the use of ductile anchors increases the rate of exceedance of A compared to that of freestanding blocks because the anchors transmit acceleration pulses to the block in excess  (i.e., the ground acceleration required to overcome friction). Since the current formulation accounts for the fracture of the anchor and the yield displacement of actual anchors is very small (e.g., 1-2 mm), the maximum block acceleration will be lower than the peak ground acceleration (PGA) if the anchors fail before the arrival of the PGA and . These results contrast with those obtained by Lopez Garcia and Soong (2003b) using linear elastic anchors, who argue that in most cases, the maximum block accelerations are equal to or higher than PGA.
Finally, this study presents design displacement values for sliding block supports with different support conditions and two types of input ground motion. These results contribute to the risk assessment of more complex and multicomponent systems, and the extension of this methodology to different block types and seismic settings is straightforward.
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APPENDIX A. Derivation of the equations of motion for a rigid block restrained with prestressed elasto-plastic-brittle (PEPB) anchors

The equation of motion of a rigid block of mass , anchored to a fixed base and subjected to horizontal ground acceleration  (Figure A1) can be written as
	
	(A1)


where  is the total block acceleration in the  direction,  is the coefficient of kinetic friction, and  is the acceleration of gravity. The terms  and  are the added horizontal and vertical forces, respectively, exerted by the anchors on the block, which are a function of the block displacement . The derivation of the forces  and , presented next, take into account the large displacements and an idealized elasto-plastic-brittle model for each anchor.
   [image: ]
Figure A1. Position of the rigid block restrained to a fixed base to the foundation in sliding motion.
From Figure A1, the deformation in the left anchor  and the right anchor  as a function of the block displacement are
	
	(A2)

	
	(A3)


where  is the initial anchor length, () are the anchor offsets, and the anchor deformation rates  and  are expressed in terms of the block position  and velocity  as
	
	(A4)

	
	(A5)


As an example, Figure A2(a) shows the anchor deformations for  as the block displacement  increases monotonically from 0 to 0.5 m. Notice that for  values greater than , the anchor deformations  and  depart from the linear approximation  used by Lopez Garcia and Soong (2003b). The anchors were modeled using a prestressed elasto-plastic-brittle (PEPB) element (see full derivation in Subsection 2.1.2.) with stiffness, strength  in tension and compression, ductility ratio, and prestress load , i.e., 50% of the ultimate strength. At each time step, the left anchor load  and the right anchor load  are computed as
	
	(A6)

	
	(A7)


where  and  are the anchor memory parameters, and the function  represents the nonlinear constitutive relation. For this loading path, the forces  and  are shown in Figure A2(b); notice that for displacements less than 0.05 m, the loads match the small displacement formulation (i.e.,  defined in Lopez Garcia and Soong (2003b). At large displacements, the anchors exhibit plastic behavior and both rupture in tension.
To evaluate the terms  and  of Equation A1, we decomposed the anchor loads into their horizontal and vertical components. Using basic trigonometry, the horizontal component of the left and right anchors are
	
	(A8)


from which the net horizontal force is (Figure A2(c))
	
	(A9)
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Figure A2. (a) Anchor deformations, and (b) anchor loads for a block that displaces horizontally from 0 to 0.5 m, (c) projection of anchor loads in the x-direction, and (d) projection of anchor loads in the y-direction.
Interestingly, for  and assuming a linear elastic anchor within this range, the first-order approximation of the lateral stiffness is
	
	(A10)


which coincides with the approximation of  by Lopez Garcia and Soong (2003b) for the case of no prestress in the anchors. For cases where , the term  must be considered for a correct assessment of the horizontal block stiffness.
Analogously, the vertical components of the left and right anchors are written as 
	
	(A11)


and the net vertical force is given by (Figure A2(d))
	
	(A12)


Figures A2(c) and (d) show the complex relation between the block deformation and the net loads imposed by the anchor. From Figure A2(c), it is apparent that the small displacement approximation (i.e., stiffness from Equation A10) is valid up to yielding of the anchor in tension. Once the left anchor breaks, the vertical projection of forces  abruptly changes direction and ‘pushes the block up’ since the right anchor is still in compression.



appendix B
Table B1 Seismic events used in this study
	No.
	Date
yyyy-mm-dd
	Mechanism*
	Mw
	Hypocenter location
	Number of ground motions

	
	
	
	
	Lat (°)
	Lon (°)
	Depth (km) 
	Near-Source

	1
	1985-09-19**
	S
	8
	18.14
	-102.71
	17
	4

	2
	1985-09-21
	S
	7.6
	17.62
	-101.82
	22
	4

	3
	1989-04-25
	S
	6.9
	16.61
	-99.43
	16
	3

	4
	1996-07-15
	S
	6.6
	17.33
	-101.21
	27
	3

	5
	1997-01-11
	ID-I
	7.1
	18.34
	-102.58
	40
	1

	6
	1999-09-30
	ID-I
	7.4
	16.03
	-96.96
	47
	6

	7
	2007-04-13
	ID-I
	6
	17.09
	-100.44
	41
	2

	8
	2012-03-20
	S
	7.4
	16.25
	-98.52
	16
	1

	9
	2013-08-21
	S
	6.2
	16.79
	-99.56
	20
	1

	10
	2014-04-18
	S
	7.3
	17.38
	-101.06
	16
	3

	11
	2017-09-07
	ID-I
	8.2
	14.85
	-94.11
	58
	3

	12
	2017-09-19**
	ID-I
	7.1
	18.40
	-98.72
	57
	1


* S = Subduction interface; ID-I = Intermediate-Depth Intraslab. ** The symbol “**” denotes records used as seed in station CU (i.e., far-field)


Table B2. D1000 and D10000 (cm) values computed for freestanding and anchored blocks
	Site Location
	Freestanding
	Anchored ()

	
	
	D1000
	D10000
	
	D1000
	D10000

	Near Source
	0.10
	16
	45
	0.10
	2.3
	36

	
	0.15
	10
	38
	0.15
	≤ 1
	17

	
	0.20
	6.0
	30
	0.20
	≤ 1
	11

	Far-Field
	0.10
	3.5
	39
	0.10
	≤ 1
	≤ 1

	
	0.15
	≤ 1
	13
	0.15
	≤ 1
	≤ 1

	
	0.20
	≤ 1
	3.4
	0.20
	≤ 1
	≤ 1

	
	
	 
	 
	 
	 
	 

	Site Location
	Anchored block ()
	Anchored block ()

	
	Fu/W
	D1000
	D10000
	To/W
	D1000
	D10000

	Near Source
	0.20
	7.9
	49
	0.05
	8.4
	46

	
	0.30
	2.4
	36
	0.10
	8.7
	47

	
	0.40
	≤ 1
	19
	0.15
	9.6
	47

	Far-Field
	0.20
	≤ 1
	≤ 1
	0.05
	≤ 1
	≤ 1

	
	0.30
	≤ 1
	≤ 1
	0.10
	≤ 1
	≤ 1

	
	0.40
	≤ 1
	≤ 1
	0.15
	≤ 1
	≤ 1



Table B3. D1000 and D10000 (cm) values computed for viscous and SCSS isolated blocks
	Site Location
	Viscous ()
	Viscous ()

	
	
	D1000
	D10000
	
	D1000
	D10000

	Near Source
	0.10
	29
	70
	0.10
	19
	81

	
	0.15
	20
	63
	0.15
	6.8
	56

	
	0.20
	12
	53
	0.20
	≤ 1
	31

	Far-Field
	0.10
	17
	84
	0.10
	17
	91

	
	0.15
	5.0
	52
	0.15
	3.1
	55

	
	0.20
	≤ 1
	29
	0.20
	≤ 1
	29

	
	
	
	
	
	
	

	Site Location
	SCSS ()
	SCSS ()

	
	
	D1000
	D10000
	
	D1000
	D10000

	Near Source
	0.10
	21
	72
	0.10
	12
	57

	
	0.15
	13
	74
	0.15
	1.5
	36

	
	0.20
	7.7
	65
	0.20
	≤ 1
	22

	Far-Field
	0.10
	3.2
	38
	0.10
	2.9
	31

	
	0.15
	≤ 1
	19
	0.15
	≤ 1
	5.8

	
	0.20
	≤ 1
	9.3
	0.20
	≤ 1
	≤ 1
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