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Preface

MCEER is a national center of excellence dedicated to the discovery and development of new 
knowledge, tools and technologies that equip communities to become more disaster resilient in 
the face of earthquakes and other extreme events. MCEER accomplishes this through a system of 
multidisciplinary, multi-hazard research, in tandem with complimentary education and outreach 
initiatives. 

Headquartered at the University at Buff alo, The State University of New York, MCEER was originally 
established by the National Science Foundation in 1986, as the fi rst National Center for Earth-
quake Engineering Research (NCEER). In 1998, it became known as the Multidisciplinary Center 
for Earthquake Engineering Research (MCEER), from which the current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disciplines and 
institutions throughout the United States, MCEER’s mission has expanded from its original focus 
on earthquake engineering to one which addresses the technical and socio-economic impacts of a 
variety of hazards, both natural and man-made, on critical infrastructure, facilities, and society.

The Center derives support from several Federal agencies, including the National Science Founda-
tion, Federal Highway Administration, Department of Energy, Nuclear Regulatory Commission, 
and the State of New York, foreign governments and private industry.  
 
This report presents an analytical study of the seismic performance of seismically isolated build-
ings and comparable non-isolated buildings designed by the procedures of ASCE/SEI 7-10 and 
-16 at a particular location in California. The study concludes that seismically isolated buildings 
designed to the minimum criteria of either ASCE/SEI 7-10 or 7-16 at the considered location may 
have unacceptable probability of collapse in the maximum considered earthquake. The probability 
of collapse in the maximum considered earthquake becomes acceptable and the design may also 
meet criteria of improved performance in terms of story drift, residual drift and fl oor acceleration 
when they are designed with enhanced criteria of RI=1.0 and with isolators having a displace-
ment capacity at initiation of stiff ening equal to 1.5 times the average demand in the maximum 
considered earthquake. It is also observed that designs that meet the minimum criteria of ASCE/
SEI 7-10 or 7-16 and without a displacement restrainer have unacceptably high probabilities of 
collapse. The study fi nds that seismically isolated structures designed by the enhanced criteria 
off er lower mean annual frequencies of exceeding important limits on story rift ratio, residual 
story drift ratio and peak fl oor acceleration than comparable non-isolated structures.
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ABSTRACT 

 

Seismically isolated buildings in the United States are currently designed and analyzed by the 

procedures of the ASCE/SEI 7-10 standard, Chapter 17 (ASCE, 2010). In the future, buildings 

will be designed and analyzed by the procedures of ASCE/SEI 7-16 (ASCE, 2017). Both ASCE 

standards require that the isolation system be detailed to accommodate the displacement demand 

calculated in the Risk-Targeted Maximum Considered Earthquake (MCER), where this 

displacement is the average of peak values calculated in seven nonlinear response history 

analyses. Both procedures permit the use of a response modification coefficient (RI factor) 

between 1.0 and 2.0 depending on the seismic force-resisting system used. For the case of the 

ASCE/SEI 7-10 standard, the forces and drifts for the design are based on calculations using the 

design response (DE) spectrum, which is defined as being 2/3 of the MCER spectrum. For the 

case of the ASCE/SEI 7-16 standard, the forces and drifts for the design are based on 

calculations using the MCER spectrum. 

 

This report investigates the reliability of the ASCE/SEI 7 provisions by studying an archetypical 

6-story perimeter frame seismically isolated building designed with special concentrically braced 

frames (SCBF), ordinary concentrically braced frames (OCBF) and special moment resisting 

frames (SMF) for a location in California using the minimum criteria of ASCE/SEI 7-10 and 

ASCE/SEI 7-16 and also using enhanced design criteria. The isolation system consists of triple 

Friction Pendulum (FP) isolators with stiffening behavior at large displacement. Representative 

cases are also studied in which the stiffening behavior is replaced by the behavior of a moat wall.   

Additionally, double concave sliding isolators are considered and designed per minimum criteria 

and without a displacement restrainer, a practice permitted by the ASCE/SEI 7 standards. Non-

isolated structures, also with braced and moment frame configurations, are designed and studied. 

 

This study presents results on (1) the conditional probability of collapse on the occurrence of the 

MCER of the designed isolated structures and comparable non-isolated structures, and (2) 

information on the mean annual frequency of exceedance of the peak story drift ratio, the 

residual story drift ratio and the peak floor and roof acceleration. It is shown that (a) seismically 

isolated buildings designed to the minimum criteria of ASCE/SEI 7-10 or 7-16 may have 
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unacceptable probability of collapse in the MCER, (b) the probability of collapse in the MCER is 

acceptable and the design may also meet criteria of improved performance in terms of story drift, 

residual drift and floor acceleration when the structure is designed for RI=1.0 (either for the DE 

or the MCER) and the isolators have a displacement capacity at initiation of stiffening equal to 

1.5DM, (c) the behavior described in item (b) is also achieved by the use of moat walls instead of 

stiffening isolators, also placed at distance 1.5DM, (d) reducing the RI factor may not provide any 

advantage unless the displacement capacity of the isolators is accordingly increased, (e) designs 

that meet the minimum criteria of ASCE/SEI 7-10 or 7-16 and without any displacement 

restrainer have unacceptably high probabilities of collapse, (f) OCBF designed by the minimum 

criteria of ASCE/SEI 7-16 have marginally unacceptable probabilities of collapse which can be 

improved by increasing the displacement capacity of the isolators, (g) seismically isolated 

structures designed by the minimum criteria of ASCE/SEI 7 and supplemented with minimally 

designed moat walls have unacceptable probabilities of collapse that are essentially the same as 

those of similarly designed isolated structures without a moat wall, and (h) seismically isolated 

structures designed per criteria in item (b) above offer lower mean annual frequencies of 

exceeding important limits on story drift ratio, residual story drift ratio and peak floor 

acceleration than comparable non-isolated structures. 
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SECTION 1 

INTRODUCTION 

Many seismically isolated buildings have been designed and analyzed according to the minimum 

requirements of Chapter 17 of ASCE/SEI 7-10 standard (ASCE, 2010).  ASCE/SEI 7-16 (ASCE, 

2017) specifies the current ASCE minimum requirements for isolated structures. Both ASCE 

standards require that the isolation system be detailed to accommodate the displacement demand 

calculated in the Risk-Targeted Maximum Considered Earthquake (MCER), where this 

displacement is the average of peak values calculated in seven nonlinear response history analyses. 

Both procedures permit the use of a response modification coefficient (RI factor) between 1.0 and 

2.0 depending on the seismic force-resisting system used. For the case of the ASCE/SEI 7-10 

standard, the forces and drifts for the design are based on calculations using the design response 

(DE) spectrum, which is defined as being 2/3 of the MCER spectrum. For the case of the ASCE/SEI 

7-16 standard, the forces and drifts for the design are based on calculations using the MCER

spectrum. Many seismically isolated buildings in the United States have been designed using the

ASCE/SEI 7-10 minimum requirements. There are exceptions in which stringent criteria have been

employed. Examples are hospitals in California where often project-specific design criteria require

the use of an RI factor of unity for the effects of the DE or MCER and larger displacement capacity

isolators than the minimum required.

The use of the minimum requirements of the ASCE/SEI 7 standards presumably ensures the 

minimum acceptable level of safety by preserving the lives of the occupants. It is well recognized 

that these minimum ASCE design requirements do not serve the resiliency objective of avoiding 

damage in order to maintain facility functionality. An Executive Order issued in 2016 by the 

President of the United States (Executive Order 13717, 2016, Hayes et al., 2017) clearly recognizes 

this fact and states the following: “The Federal Government recognizes that building codes and 

standards primarily focus on ensuring minimum acceptable levels of earthquake safety for 

preserving the lives of building occupants. To achieve true resilience against earthquakes, 

however, new and existing buildings need to exceed those codes and standards to ensure, for 

example, that the buildings can continue to perform their essential functions following future 
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earthquakes.” The Executive Order continues to instruct all federal agencies to “go beyond the 

codes and standards and ensure that buildings are fully earthquake resilient.” 

Questions may then arise. (a) Is the probability of collapse of seismically isolated structures 

designed by the minimum design criteria acceptably low? (b) What should be the criteria for design 

in terms of RI and isolator displacement capacity to achieve acceptable probability of collapse? (c) 

What does isolation achieve in terms of performance measures like peak story drift, residual story 

drift and floor accelerations? 

Some studies have already addressed issues related to these questions. Kikuchi et al. (1995) studied 

the inelastic response of a two-degree-of-freedom (2-DOF) representation of seismically isolated 

structures without any consideration for failure of either the structural or the isolation system. The 

study raised a concern that designs of seismically isolated structures with reduced lateral shear 

force (equivalently, with a large R factor) can have significant inelastic action and unacceptable 

behavior. A more recent study (Nakazawa et al, 2011) again made use of the 2-DOF system but 

enhanced to have non-simulated generic isolation system failure and superstructure failure 

(assumed to occur at ductility of 4.0) and employed contemporary procedures to determine the 

collapse margin ratio based on the FEMA P695 procedures (FEMA, 2009). The main contribution 

of the work was to study the effects of limiting the displacement demand on the isolators by use 

of moat walls of varied clearance and behavior. Following the Japanese practice of seismic design, 

the strength of the superstructure was assumed in the range of 0.15 to 0.40 of the superstructure 

weight (common practice in Japan is the use of 0.3). The study observed that isolated structures 

have a low level of damage (essentially elastic response) until a certain level of seismic intensity 

is reached where significant inelastic action occurs for small increases in the seismic intensity.  

Studies of Erduran et al (2011) and Sayani et al (2011) compared the inelastic response of 

conventional and seismically isolated steel braced and moment-resisting 3-story frames designed 

by the minimum criteria of ASCE 7 (that of 2005) and with unlimited capacity for the isolators. 

The studies concluded that the seismically isolated frames exhibited lower structural yielding, 

story drifts, residual story drifts and floor accelerations than comparable conventional frames for 

seismic events characterized as frequent, design and maximum earthquake. The studies did not 



3 

provide any information on the collapse of the analyzed structures as the structural model did not 

have capability of simulating large deformations in the elements of structural systems. However, 

the studies pointed to interesting observations that (a) allowing for inelastic behavior of the isolated 

structure limited the displacement demand in the isolators and (b) designing for elastic behavior 

could have resulted in failure of the isolators if they had limited displacement capacity. 

A study of Terzic et al (2012) compared the lifecycle cost of seismically isolated structures 

designed with different structural systems of various RI factors. The study demonstrated improved 

performance and significant reduction of lifecycle cost when the design utilizes an RI factor of 

unity in the DE.   

The development of the performance assessment methodologies of FEMA P695 (FEMA, 2009) 

allowed for more rigorous studies of the performance of isolated structures. One of the examples 

in FEMA P695 involves seismically isolated buildings in which failure of the superstructure was 

simulated and the isolation system was represented by a generic model together with a 

displacement-limiting moat wall of various clearances. The structure was a 4-story reinforced 

concrete building of either a special perimeter moment frame or a special space frame. 

Concentrating on the code-complaint designs (with RI=2 in the DE), the study demonstrated 

acceptable collapse margin ratios, which progressively reduced as the moat wall clearance reduced 

and the space frame was changed from space to perimeter frame.  

A more recent study of Masroor and Mosqueda (2015) utilized models similar to those in the 

studies of Erduran et al (2011) and Sayani et al (2011) and followed the paradigm of examples of 

the seismically isolated buildings in FEMA (2009), utilized three-dimensional building models 

with an improved moat wall model and bi-directional seismic excitation but did not consider failure 

of the isolators. The results showed that steel intermediate moment frames designed for the DE 

with an RI =1.67 and steel ordinary concentrically braced frames designed with RI =1 had 

acceptable collapse margin ratios per FEMA (2009) when the size of isolators was sufficiently 

large to avoid failure of the isolator. Barely acceptable probabilities of collapse were calculated 

when the moat wall was placed at the minimum required displacement capacity in the MCER. The 

calculations were based on the use of adjusted values of the probability of collapse for accounting 
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for the spectral shape effects (epsilon) using the simplified FEMA P695 procedures (FEMA, 

2009). It will be argued in this report that the simplified procedure for the spectral shape effects 

provided in FEMA P695 does not apply for seismically isolated structures with stiffening behavior 

and that direct studies, as those used in FEMA P695 for the development of the simplified 

procedure, are required to properly calculate the effects of spectral shape.   

 

Chimamphant and Kasai (2016) investigated the seismic response of nonstructural components in 

seismically isolated buildings and compared it to that of comparable conventionally designed 

buildings by using multi-degree-of-freedom shear-beam models. Failure in the superstructure or 

the isolation system was ignored and mechanisms that limit the isolator displacement (ex. retaining 

walls) were not considered. The study used the methodologies described in FEMA P695 (FEMA, 

2009) and FEMA P58 (FEMA, 2012a) and demonstrated that seismically isolated buildings have 

better performance than comparable non-isolated buildings but the improvement of performance 

reduces as the height of the building increases.  

 

Recently, Shao et al. (2017) focused on a 3-story concentrically braced steel frame structure 

designed for RI=1 in the MCER and investigated the reliability of the ASCE/SEI 7-16 minimum 

provisions, as well as enhanced designs by providing either increased isolator displacement 

capacity or providing isolators with hard (moat wall) or soft stopping mechanisms. The main 

conclusions of the study were that: (a) the isolator displacement capacity needs to be increased by 

at least 1.8 of the minimum code-prescribed value in order to achieve the code-targeted reliability 

when no displacement restrainers are provided; (b) smaller displacement capacities can be used 

when displacement restrainers are utilized but with additional requirements for increased ductility 

capacity in the superstructure and (c) a total isolator displacement capacity (including the capacity 

of soft stops) of at least 1.5 times the displacement demand in the MCER and an isolator shear 

strength of at least 3.0 times the base shear in the MCER are needed to achieve the required 

reliability. The study did not consider the spectral shape effects per FEMA P695 (FEMA, 2009) 

as the simplified method presented in FEMA P695 for considering these effects does not truly 

apply for seismically isolated structures of large effective period.  Accordingly, probabilities of 

failure must have been overestimated. 
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This report also investigates the reliability of the ASCE/SEI 7 provisions by concentrating on an 

archetypical 6-story perimeter frame building that has been previously studied in examples of 

seismic isolation design and analysis in McVitty and Constantinou (2015). Perimeter steel special 

concentrically braced frames (SCBF) and special moment resisting frames (SMRF) for this 

building are designed for a location in California with an RI factor of 2.0 (per minimum 

requirements of ASCE/SEI 7-10), 1.5 and 1.0 in the DE and with RI=2.0 (per minimum 

requirements of ASCE/SEI 7-16) and 1.0 in the MCER when seismically isolated. Also, the case 

of steel ordinary concentrically braced frames (OCBF) permitted by ASCE/SEI 7-16 with RI=1.0 

is considered. The isolation system for these cases consists of triple Friction Pendulum (FP) 

isolators having a displacement capacity at initiation of stiffening equal to 1.0DM (per minimum 

requirements of ASCE/SEI 7-10 and 7-16), 1.25DM and 1.5DM, where DM is the displacement 

demand in the MCER (torsion is not accounted for so the displacement considered is DM instead of 

DTM, which would be 1.1 to 1.2 times larger than DM in the studied systems). For the OCBF the 

displacement capacity of the isolators at initiation of stiffening is 1.25DM, which is permitted by 

ASCE/SEI 7-16. The stiffening behavior of the triple FP isolators serves as a displacement 

restrainer for larger displacements than the assumed capacities. Additionally, double concave 

sliding isolators are considered and designed per minimum criteria and without a displacement 

restrainer, a practice permitted by the ASCE/SEI 7 standards (and a common practice in Europe, 

e.g., Ponzo et al, 2017). Moreover, representative results are presented for cases in which a moat

wall is used at the minimally allowed distance per ASCE/SEI 7 standards (displacement capacity

DM) and at larger distances.  Non-isolated structures, also with braced and moment frame

configurations, are designed and studied.

This study presents results on (1) the conditional probability of collapse on the occurrence of the 

MCER of the designed isolated structures and comparable non-isolated structures, and (2) 

information on the mean annual frequency of exceedance of the peak story drift ratio, the residual 

story drift ratio and the peak floor and roof acceleration. It is shown that (a) seismically isolated 

buildings designed by the minimum criteria of ASCE/SEI 7-10 or 7-16 may have unacceptable 

probability of collapse in the MCER, (b) the probability of collapse in the MCER is acceptable (and 

depending on the structural system much less than 10%) and the design may also meet criteria of 

improved performance in terms of story drift, residual drift and floor acceleration when the 

structure is designed for RI=1.0 (either for the DE or the MCER) and the isolators have a 



6 

displacement capacity at initiation of stiffening equal to 1.5DM, (c) the behavior described in item 

(b) is also achieved by the use of moat walls instead of stiffening isolators, also placed at distance

1.5DM, (d) reducing the RI factor may not provide any advantage unless the displacement capacity

of the isolators is accordingly increased (as then collapse is due to failure of the isolators), (e)

designs that meet the minimum criteria of ASCE/SEI 7-10 or 7-16 and without any displacement

restrainer have unacceptably high probabilities of collapse, (f) OCBF designed by the minimum

criteria of ASCE/SEI 7-16 have marginally unacceptable probabilities of collapse which can be

improved by increasing the displacement capacity of the isolators, (g) seismically isolated

structures designed by the minimum criteria of ASCE/SEI 7 and supplemented with moat walls

having a gap equal to the displacement demand in the MCER as calculated by the procedures of

ASCE/SEI 7 have unacceptable probabilities of collapse that are essentially the same as those of

similarly designed isolated structures without a moat wall, and (h) seismically isolated structures

designed per criteria in item (b) above offer lower mean annual frequencies of exceeding important

limits on story drift ratio, residual story drift ratio and peak floor acceleration than comparable

non-isolated structures.
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SECTION 2 

STRUCTURES AND ISOLATION SYSTEMS CONSIDERED 

A 6-story archetypical steel building is considered. The building was used in examples in the 

SEAONC Volume 5 Seismic Design Manual (SEAONC, 2014) and later used in examples of 

application of the ASCE/SEI 7-16 analysis and design procedures for isolated buildings in McVitty 

and Constantinou (2015). Figure 2-1 shows plan and view of the building. Its lateral force resisting 

system consists of four perimeter frames that are configured as special concentrically braced 

frames (SCBF), or special moment resisting frame (SMF) or ordinary concentrically braced frames 

(OCBF). The total seismic weight of the building when seismically isolated is 12065.4kip. When 

non-isolated the weight is 10180.6kip. The building is assumed located on soil class D in San 

Francisco, CA (Latitude 37.783°, Longitude -122.392°) with MCER spectral acceleration values 

of SMS=1.5g and SM1=0.9g. For the DE, the parameters are SDS=1.0g and SD1=0.6g. 

Figure 2-1 Archetypical Building Plan and Views of Braced and Moment Frames 

The isolation system consists of triple FP isolators (placed below each column) having the 

geometric and frictional properties determined in McVitty and Constantinou (2015) but the outer 

concave plates of the isolators were selected to have three different sizes so that the displacement 

capacities were varied. Figure 2-2 shows cross sections of the three triple FP isolators considered, 

having displacement capacities of (a) the minimum required by the criteria of ASCE/SEI 7 

(capacity DM at initiation of stiffening) and (b) increased capacities of 1.25 DM and 1.5DM at 

initiation of stiffening. Note that the internal construction of the three isolators is the same so that 

their frictional properties are the same for the same conditions of load and motion. The force-
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displacement relationship for these isolators is shown in Figure 2-3 together with values of the 

displacement capacity at initiation of stiffening, DCapacity, and the ultimate displacement, DUltimate, 

when the isolator internal parts collapse as calculated on the basis of the theory of Sarlis and 

Constantinou (2016) in the lower bound friction condition. Note that the isolators may also yield 

prior to reaching DUltimate when the lateral force in the stiffening regime of the bearings exceeds 

the strength of the restrainer ring. While this was modelled in the analysis it did not occur as the 

shear force did not reach the strength of the ring as calculated using the theory of Sarlis and 

Constantinou (2016). The displacement capacity provided was DM (or a multiple of it) and not DTM 

(which includes the effects of torsion) as the analysis for the reliability assessment was based on 

two-dimensional representations of the building and torsion was not included. 

Two more isolator types were considered without a restrainer ring so that they did not exhibit 

stiffening behavior. They were designed as Double Concave (DC) isolators (Fenz and 

Constantinou, 2006) with the same curvature as the triple FP isolators. Both isolators have the 

same contact area of 11inch as the triple FP isolators. Of the two DC isolators, isolator DC-1 has 

an ultimate displacement capacity equal to DM, whereas isolator DC-2 has the same concave plate 

diameter as the smallest triple FP isolator (TFP-1) and thus a larger ultimate displacement capacity 

than DM, determined to be 1.25DM (displacement when the inner slider reaches the edge of the 

concave plate plus half of the contact diameter of 11inch). Isolators DC-1 is permitted by the 

ASCE/SEI 7 standards. Isolators with the characteristics of DC-1 and DC-2 have been used in 

applications in Europe and South America. Force-displacement relationships for these isolators 

are presented in Figure 2-3. 

The frictional properties of the triple FP isolators for high-speed conditions are presented in Table 

1 together with values of the property modification factors used to determine the frictional 

properties (McVitty and Constantinou, 2015). Note that the properties were determined on the 

basis of prototype test data for similar isolators and use of the procedures in ASCE/SEI 7-16. The 

values of friction in Table 1 are for high-speed conditions and are different for the interior and 

exterior isolators due to the different gravity load carried by them. The large difference between 

the lower and upper bound values of friction reflect (a) the uncertainties due to availability of test 

data on similar rather than the actual isolators, and (b) the large pressure at which the isolators 

operate that result in more variability due to heating (McVitty and Constantinou, 2015). For the 

DC bearings the values of friction coefficient are also presented in Table 1 where are seen to be 

slightly less than those of the outer surface of the triple FP isolators. The friction force has been 

calculated as the zero displacement force intercept for the triple FP bearings divided by the normal 

load. The system property modification factors were assumed to be the same. 
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Figure 2-2 Triple FP (TFP) and Double Concave (DC) Isolators of Different Displacement 

Capacities; (a) TFP-1, (b) TFP-2, (c) TFP-3, (d) DC-1 and (e) DC-2 

Table 2-1 Upper and Lower Bound Friction Properties of Triple FP and Double Concave 

Isolators 

Interior Isolators Exterior Isolators 

Isolator Type Sliding Surface 
Outer 

(1=4 or ) 

Inner 

(2=3) 

Outer 

(1=4 or ) 

Inner 

(2=3) 

Triple Friction 

Pendulum 

Nominal 0.052 0.017 0.073 0.017 

max 1.67 1.29 1.39 1.29 

min 0.81 0.85 0.58 0.85 

Upper bound 0.087 0.022 0.101 0.022 

Lower bound 0.042 0.015 0.042 0.015 

Double Concave 
Upper bound 0.080 NA 0.093 NA 

Lower bound 0.039 NA 0.039 NA 
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TFP-1  DCapacity=20.4in (DM), DUltimate=26.9in (1.3DM) 

TFP-2  DCapacity=26.1in (1.25DM) DUltimate=32.6in (1.6DM) 

TFP-3  DCapacity=31.8in (1.5DM) DUltimate=38.3in (1.9DM) 

DC-1  DCapacity=20.4in (DM), DUltimate=20.7in (DM)

DC-2  DCapacity=20.4in (DM), DUltimate=25.4in (1.25DM)

Figure 2-3 Force-Displacement Relationships of Triple FP (Left) and Double Concave (Right) 

Isolators 

Analyses of the isolated building were conducted per procedures in ASCE/SEI 7 for the MCER to 

determine the isolator displacement demands and the base shear force. Analyses were also 

conducted for the DE per ASCE/SEI 7-10 in order to calculate the base shear force in the DE. 

Response History Analysis (RHA) and Equivalent Lateral Force (ELF) procedures were used. For 

the RHA, the model of analysis was three-dimensional of which details, including details on the 

motions used and the scaling procedure, are presented in McVitty and Constantinou (2015). 

Results are summarized in Tables 2 and 3. These results were obtained using seven pairs of 

amplitude-scaled motions per procedures in ASCE/SEI 7 (both 2010 and 2016). The superstructure 

was assumed elastic. Torsion was not considered. That is, the calculation of the isolator 

displacement demand included the effects of bi-directional excitation but not torsional effects. The 

frame properties used in the RHA and ELF are those in Tables 4 and 5 for SCBF and SMF with 

RI=2.0. The effects that the superstructure increased stiffness for the other designs may have had 

on the isolator displacement demand and base shear force were assumed insignificant. 

The tables include design values of base shear per frame and the value of isolator displacement 

DM for design based on the criteria of ASCE/SEI 7. There are no or insignificant differences in the 

calculated isolator displacements and in the base shear force for the two configurations. 

Accordingly, for both configurations the following values were used in design: isolator 

displacement DM=20.7in (average of the two values) and base shear force of 727.6kip in the DE 

and 883.5kip in the MCER (shear force for elastic conditions). Based on these values, frames were 
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designed as follows: (a) per minimum criteria for RI=2.0 for the DE (per ASCE/SEI 7-10) and for 

the MCER (per ASCE/SEI 7-16), (b) for RI=1.5 and 1.0 for the DE and (c) for RI=1 for the MCER. 

Also, comparable non-isolated structures were designed with R=6, Ω0=2, Cd=5 for the SCBF and 

with R=8, Ω0=3, Cd=5.5 for the SMF. The design utilized member forces determined in static 

analysis using the lateral forces prescribed by the ELF procedures of ASCE/SEI 7. Note that for 

the non-isolated structures the lateral forces were based on the DE (2/3rd of the MCER) for both 

versions of the ASCE/SEI 7 standard. The section properties for the beams, columns and braces 

of the designed frames are presented in Tables 3 and 4. Steel has minimum yield strength Fy equal 

to 42ksi for braces (round HSS) and 50ksi for columns and beams. The expected yield strengths 

Fye are 58.8ksi and 55ksi, respectively (American Institute of Steel Construction, 2010). 

The results in Tables 2 and 3 demonstrate that the frames meet the drift criteria of the ASCE/SEI 

7 standards (ASCE, 2010 and 2016), Section 17.5.6 as the maximum story drift is less than 0.015 

of the story height. Note that analysis was performed for the frames designed with RI=2.0 (the drift 

is less than the values in Tables 2 and 3 when RI is less than 2.0). The results of RHA on drift are 

not presented as the superstructure was assumed elastic and there are no specified limits for such 

conditions (rather there are limits in Section 17.6.4.4 of ASCE /SEI 7 for analysis using nonlinear 

force-displacement characteristics for the structural elements). 

The SCBF designed with RI=1.0 in the MCER was also analyzed assuming that it behaves as an 

ordinary concentrically braced frame (OCBF) with isolators having the characteristics of isolators 

TFP-2 with displacement capacity equal to 1.25DM and TFP-3 with displacement capacity equal 

to 1.5DM. This structural configuration and is permitted per Section 17.2.5.4 of ASCE/SEI 7-16 

provided that the isolators have a displacement capacity of at least 1.2DM. In the RHA for the 

assessment of performance, the story drift ratio limit at collapse was assumed to be 2% for the 

OCBF (Masroor and Mosqueda 2015), whereas it was 5% for the SCBF (Sabelli et al., 2013). 

Two of the developed designs (SCBF and SMF, RI=1.0 in the DE, triple FP isolator TFP-3 with 

DCapacity=1.5DM and DUltimate=1.9DM, see Figure 2-3) were further analyzed to investigate whether 

they meet the “Enhanced Structural and Non-structural Design Criteria” of the REDi Rating 

System (Arup, 2013) for a rating of “Gold” or “Platinum”. This enhanced design includes a 

recommendation to design for an isolator displacement capacity of 1.9DM, and to have essentially 

elastic response with a residual drift ratio of less than 0.5% for the “Design Level Earthquake”, 

defined as having a 475 year return period. Analysis of the isolated structures was conducted with 

the inelastic two-dimensional representation used in the incremental dynamic analysis (to be 

described later) using the fault-normal (FN) components of the seven motions used in the three-
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dimensional analysis. These components needed to be scaled by a different factor than in the three-

dimensional analysis. (See Table A-1 in McVitty and Constantinou, 2015 where the scale factors 

are 3.9, 1.7, 3.0, 3.2, 3.9, 3.9 and 3.9 for motions 1 to 7). In the two dimensional analysis, the FN 

components of these motions were scaled by factors 4.0, 1.3, 1.2, 3.0, 3.5, 5.0 and 5.0, respectively, 

based on Sections 16.1.3.1 and 17.3.2 of ASCE/SEI 7-10 and 16.2.3 and 17.3.3 of ASCE/SEI 7-

16. The analysis resulted in peak drift ratio (average of seven analyses) of 0.15% and a residual

drift ratio of 0.01% for the SCBF and in a peak drift ratio of 0.87% and a residual drift ratio of

0.03% for the SMF. Both designs meet the drift criteria of the REDi Rating System (Arup, 2013)

for a rating of “gold” or “platinum”.

However, it will be shown later in this document that the SMF design has higher mean annual 

frequencies of exceeding specific residual drift ratio and floor peak acceleration limits than the 

SCBF design. It will be shown that the SMF design that meets the REDi criteria for gold rating 

has a 30% probability of exceeding the limit of 0.5% in peak drift ratio and 37% probability of 

exceeding the peak floor acceleration limit of 0.3g in 50 years. In contrast, the SCBF design that 

meets the REDi criteria for gold rating has, respectively, probabilities of 2.3% and 6.9%. The 

SCBF design that has these low probabilities of developing any damage in the lifetime of 50 years 

also meets the criteria of a seismic isolation standard for continued functionality developed by 

Zayas et al (2017) and implemented in the design and construction of some hospitals and important 

structures utilizing triple FP isolators.  In this standard, seismically isolated structures meet the 

REDi “gold” rating when designed with RI=1 in the DE and the peak story drift ratio is limited to 

0.4% and the 5%-damped floor acceleration response spectra are less than 0.6g (in a sense that the 

median value within the period range of zero to 5sec is less than 0.6g) in the DE. In the same 

standard the criteria for the REDi “platinum” rating call for limits of 0.3% on peak drift ratio and 

0.4g on floor spectral accelerations in the DE. The SCBF design meets the criteria of the standard 

for continued functionality for “platinum” rating (Zayas, 2017) as it has a peak story drift ratio of 

0.15% and a median floor spectral acceleration of 0.3g. The SMF design does not meet the criteria 

of the standard for continued functionality as the peak story drift ratio is 0.87%. 
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Table 2-2 Isolator Displacement, Peak Story Drift Ratio and Base Shear Force for Braced Frame 

Earthquake Quantity Lower Bound Friction Upper Bound Friction 

DE 

RHA Base Shear X (kip) 514.8 705.0 

RHA Base Shear Y (kip) 485.1 706.0 

ELF Base Shear (kip) 699.7 799.4 

Design Base Shear (kip) per 
ASCE/SEI 7-10 

727.6 

ELF Peak Story Drift Ratio 0.0018 

MCER 

RHA Base Shear X (kip) 796.0 852.7 

RHA Base Shear Y (kip) 687.3 856.5 

ELF Base Shear (kip) 1049.5 1212.5 

Design Base Shear (kip) per 
ASCE/SEI 7-16 

883.5 

ELF Peak Story Drift Ratio 0.0018 

RHA Isolator Resultant 
Displacement (in) 

21.1 13.6 

ELF Isolator Displacement (in) 25.1 15.8 

DM (in) 21.1 

Base shear force is per frame 

Table 2-3 Isolator Displacement, Peak Story Drift Ratio and Base Shear Force for Moment Frame 

Earthquake Quantity Lower Bound Friction Upper Bound Friction 

DE 

RHA Base Shear X (kip) 515.5 726.3 

RHA Base Shear Y (kip) 491.7 656.8 

ELF Base Shear (kip) 699.7 799.4 

Design Base Shear (kip) per 
ASCE/SEI 7-10 

727.6 

ELF Peak Story Drift Ratio 0.0148 

MCER 

RHA Base Shear X (kip) 757.7 885.8 

RHA Base Shear Y (kip) 695.7 822.1 

ELF Base Shear (kip) 1049.5 1212.5 

Design Base Shear (kip) per 
ASCE/SEI 7-16 

883.5 

ELF Peak Story Drift Ratio 0.0144 

RHA Isolator Resultant 
Displacement (in) 

20.4 13.7 

ELF Isolator Displacement (in) 25.1 15.8 

DM (in) 20.4 

Base shear force is per frame 
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Figure 2-4 presents representative pushover curves for the analyzed SCBF. The model used is 

described in Section 3. The results shown represent the base shear force versus the roof 

displacement of half of the building when the lateral force pattern used in the analysis is 

proportional to the floor mass times the floor modal displacement. The pushover curves of the non-

isolated and six isolated braced frames are shown. The latter apply for the case of isolator TFP-1 

with DCapacity=20.4in (DM), DUltimate=26.9in (1.3DM) (see Figures 2-2 and 2-3) with various values 

of the RI factor reflecting increasing strengths in the superstructure per ASCE/SEI 7-10 (RI=1, 1.5 

and 2) and ASCE/SEI 7-16 (RI=1 and 2). Also, the case of the minimally designed frame (RI=2) 

per ASCE/SEI 7-10 and with a moat wall placed at a distance equal to DCapacity=20.4in (DM) is 

presented. The properties of the isolators are those of the lower bound condition per Table 2-1. 

The graphs indicate the point when the isolator failed (by collapse of its internal parts). Each 

pushover curve is shown beyond the isolator collapse point (in dashed line) to denote the behavior 

when isolators of unlimited ultimate displacement but the same DCapacity (=20.4in) are assumed. 

Another point on the pushover curves shows the base shear and roof displacement when the 

maximum story drift reaches the limit of 5%, which is presumed to be the ultimate drift for the 

braced frame. Quantity x denotes the story at which the maximum drift occurs (first story for all 

cases).  

Figure 2-4 Pushover Curves of SCBF in Case of Isolator TFP-1 with DCapacity=DM=20.4in 
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An immediate observation in these pushover curves is that failure of the isolator occurs prior to 

failure in the superstructure only in the case of the strongest frame designed for RI=1 in the MCER. 

This behavior is the result of delayed inelastic action in the superstructure as RI is reduced, which 

in turn results in increased demand for isolator displacement. When the structure yields, the 

isolators stop deforming. This demonstrates that increases in the strength of the superstructure 

must be accompanied by increases in the displacement capacity of the isolators. 

An important observation is on the shape of the pushover curves. While the shape of the curve for 

the non-isolated structure can be reasonably approximated by an elastoplastic representation, the 

pushover curves of the isolated structures cannot. This observation led the authors to avoid the use 

of the simplified procedure of FEMA P-695 (FEMA, 2009) for accounting for the spectral shapes 

effects as that would have required an elastoplastic representation of the pushover curves. Instead, 

a direct procedure was used for the estimation of the spectral shape effects. We should note that in 

examples of collapse performance evaluation of isolated structure in FEMA P-695 (FEMA, 2009) 

and in Masroor and Mosqueda (2015), stiffening behavior as that shown in Figure 2-4 was not 

considered so that the pushover curves could be used in the application of the simplified procedure 

for spectral shape effect estimation. While this is inappropriate given the nature of the pushover 

curves seen in Figure 2-4, errors in the estimation of the spectral shape effects must be small as 

the spectral shape factors estimates by direct procedures in this report are not very different from 

those of the aforementioned studies based on the simplified procedure of FEMA P-695. 

Important in Figure 2-4 is the behavior of the system with a moat wall, which has a pushover curve 

that is essentially the same as the pushover curve of the system with just stiffening FP isoaltors. It 

should be noted that for the analysis the stiffness of the moat wall was assumed to be 1000 times 

larger than the stiffness of the TFP-1 isolator in the stiffening regime (see Figure 2-3), although 

use of smaller stiffness values did not produce any notably different results. The reason for this 

behavior is that inelastic action in the superstructure commences shortly after entering the 

stiffening regime of the isolator or after engaging the moat wall. This is better illustrated in the 

pushover curves of additional cases with moat walls that are presented in Figure 2-5. Only cases 

of RI=2 in the MCER (per ASCE/SEI 7-16) are considered with: 

1) The minimally designed isolator TFP-1 without a moat wall and with a moat wall at the

minimum distance DM and then at a distance of 1.25DM. In the latter case, placing the moat

wall (at 1.25DM) which is just short of the ultimate displacement capacity of the isolator

(1.3DM) would appear appropriate. However, it makes no difference in the pushover curves

as the superstructure undergoes inelastic action prior to engaging the moat wall and the
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isolators stop deforming. That is, the moat wall is not needed. It could have been needed if 

the superstructure was stronger (RI factor less than 2) but the location of the wall would have 

depended on the superstructure strength. 

 

2) The enhanced capacity isolator TFP-2 without a moat wall and with a moat wall placed at a 

distance of 1.25DM, which is the same as the displacement capacity of the isolator at 

initiation of stiffening.   

 

 

Figure 2-5 Pushover Curves of SCBF in Case of Isolators TFP-1 with DCapacity=20.4in (=DM) and 

TFP-2 with DCapacity=26.1in (=1.25DM) and Moat Walls Placed at Distances DM and 1.25DM 
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in the superstructure and not by failure of the isolators. Also, the pushover curves show small 
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that the moat wall is placed at a distance equal to DCapacity of the isolator (i.e., isolator TFP-1 with 

DCapacity=DM and moat wall at DM or isolator TFP-2 with DCapacity=1.25DM and moat wall at 

1.25DM). Accordingly, we expect that the addition of the moat wall will not significantly affect 
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as seen in Figure 2-5. Note that while in the analyses the stiffness of the moat wall was assumed 

equal to 1000 times that of the FP isolator in the stiffening regime, the difference in stiffness seen 

in Figures 2-4 and 2-5 is much less. This is due to the fact that the total stiffness is controlled by 

the stiffness of the yielding superstructure which is much less than that of the moat wall. This 

behavior is expected to dominate as long as collapse of the structure is not controlled by collapse 

of the isolators. However, when collapse of the structures is controlled by collapse of the isolators, 

it is expected that the use of moat walls may reduce the probability of collapse.  Examples 

presented in Section 4 show this to be sometimes the case.   

 

While the results in Figures 2-4 and 2-5 apply for the SCBF, the discussion and conclusions also 

apply for the SMF. Figure 2-6 shows pushover curves for the SMF. The cases of stiffening isolators 

and moat walls result in even closer curves than those of the SCBF in Figure 2-5. Nevertheless, 

results presented in Section 4 show that for the SMF the probability of collapse is reduced when 

moat walls are used by comparison to the case of the use of equivalent stiffening triple FP isolators. 

While in the two cases the probabilities of collapse are very low, the difference is due to differences 

in the mechanisms of collapse: failure of the superstructure in the case of use of moat walls and 

collapse of the isolators in the case of using stiffening isolators without moat walls. This behavior 

is exaggerated when the RI factor is reduced so that inelastic action in the superstructure is delayed 

and there are larger isolator displacement demands. 
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Figure 2-6 Pushover Curves of SMF in Case of Isolators TFP-1 with DCapacity=20.4in (=DM) and 

TFP-2 with DCapacity=26.1in (=1.25DM) and Moat Walls Placed at Distances DM and 1.25DM
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SECTION 3 

MODELS FOR ANALYSIS 

Analysis was performed in program OpenSees (McKenna, 1997) using a two-dimensional 

representation of the structure as illustrated in Figures 3-1 and 3-2. Figure 3-1 presents the model 

for the braced isolated building. One of the two seismic force-resisting frames in a principal 

direction was explicitly modelled with details that will be described below. Each of the columns 

of the seismic force-resisting frame was supported by one exterior isolator. Half of the remaining 

building (two rows of columns) was also modelled with all its beams simply connected to the 

columns but for the connections of the girders on top of the isolators. Each of the columns of the 

gravity frame was supported by two interior isolators. The gravity and seismic force-resisting 

frames were placed parallel to each other and interconnected with horizontal rigid links at the 

locations marked in Figure 3-1 with “H” and with rigid links in the horizontal, vertical and 

rotational directions at the locations marked “H”, “V” and “R”, respectively. Tributary weights are 

also shown in the figure. Figure 3-2 presents the model for a non-isolated building where now is 

possible to locate the columns of the gravity frame at the two sides of the seismic force-resisting 

frame. The total seismic weight is 6032.7kip for the isolated model and 5090.3kip for the non-

isolated model. 

Figure 3-1 Representation of Gravity and Seismic Force-Resisting Frames of Isolated Building 
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Figure 3-2 Representation of Non-Isolated Building 

Columns, girders and braces were modeled based on Uriz and Mahin (2008) and Chen and Mahin 

(2012). The column and girder sections were modelled with eight fibers for each flange and with 

eight fibers for the web as shown in Figure 3-3. HSS round hollow tubes used for the braces were 

modelled with two fibers along the thickness and 16 fibers along the perimeter for a total of 32 

fibers. Force-based nonlinear beam-column elements with four integration points were used to 

model the spread of plasticity across each fiber. The Giuffre-Menegotto-Pinto model (“Steel02” 

material in OpenSees; Fillippou et al., 1983) was used for the braces, girders and columns to 

describe smooth bi-linear behavior. The strain-hardening modulus was assigned values of 3% of 

the elastic modulus for the beams, 0.2% for the columns and 1% for the braces. 

Figure 3-3 Fiber Discretization Used for HSS Brace and Wide Flange Column and Beam 
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The connections of girders to columns and to braces were modelled as shown in Figure 3-4. The 

connections between braces and their gusset plates were modeled as pins with zero-length as has 

been used in the many studies (Erduran et al, 2011, Chen and Mahin, 2012). An initial camber of 

1% of the effective brace length (see Figure 3-4 for details) was applied at the brace midpoint to 

initiate buckling (Figure 3-4, bottom left). Gusset plates ware modeled using the “Elastic Beam 

Column” element in OpenSees with 10 times the area and moment of inertia of the connecting 

brace element as recommended by Erduran et al (2011). Panel zones were modeled as essentially 

rigid by using the “Elastic Beam Column” element with length equal to half the section depth and 

with 10 times the area and moment of area of the corresponding beam or column element. Member 

capacities were calculated using the expected yield strength of the materials: 55ksi for beams and 

columns and 58.8ksi for braces. 

Figure 3-4 Details of Model of Connections 
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Failure of braces, girders and columns was not explicitly modelled. Rather, the deteriorating 

behavior of the elements was modelled and failure was implicitly accounted for by considering 

limits on the story drift. 

Inherent damping in the isolated buildings was modelled using the “modal damping” (Chopra and 

McKenna, 2016) to provide a damping ratio of 0.02 in all modes but the first two (“isolated” 

modes) for which the damping ratio was set equal to zero per directions in Sarlis and Constantinou 

(2011). For the non-isolated buildings, the damping ratio was specified as 0.02 in all modes. In the 

modal damping model, the elastic properties of the structure are used to construct a damping 

matrix, which is then used in the RHA. The application of the procedure for the isolated building 

model is complicated by the fact that the isolator models are extremely stiff in the elastic range 

(the elastic stiffness is the friction force at initiation of motion divided by some very small “yield” 

displacement which was 0.05in). Instead, the correct stiffness of the isolators for the construction 

of the damping matrix is the post-elastic stiffness (or the stiffness when friction is disregarded and 

sliding occurs on the main concave surfaces) (Sarlis and Constantinou, 2011). Accordingly, 

horizontal, vertical and rotational springs were placed below each isolator element to represent the 

desired stiffness in the horizontal direction only for the construction of the damping matrix. These 

springs were restrained to only deflect by 0.001inch so that under inelastic conditions in the 

nonlinear RHA they do not affect the behavior of the isolators. 

The model used in the analysis of the SMF was developed with due considerations for the ultimate 

behavior of the components and large rotation and displacement effects. Important details of the 

model follow (more details are presented in Kitayama and Constantinou, 2016): (a) beams and 

columns were modelled using the Modified Ibarra-Krawinkler bilinear-hysteretic model (Lignos 

and Krawinkler, 2011), which is capable of simulating deteriorating hysteretic moment-rotation 

relationship, (b) columns were modeled using a concentrated plasticity bi-linear hysteretic model 

without strength or stiffness deterioration and with a ratio of elastic to post-elastic stiffness of 

0.002 and (c) plastic hinges in columns were located at beam faces and plastic hinges at the column 

bases were located at a distance equal to the column depth from the base. 

The triple FP isolators were modelled using a modification of the series model (Fenz and 

Constantinou, 2008a) in order to simulate the ultimate behavior of the isolator as predicted by the 

theory of (Sarlis and Constantinou, 2016), including uplift. Specifically, the modified series model 

includes the stiffness of the restraining ring kr and its ultimate capacity. The shear stiffness of the 

restraining ring was calculated by the following equation, which is based on the shear strength of 

a 60° wedge of the ring divided by an appropriate value of a yield displacement Yr: 
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In Equation (3-1), b and tr are the outside diameter and thickness of the restraining ring, 

respectively, and Fry is the shear yield stress of the material (25ksi is a representative value for 

ductile iron per Sarlis and Constantinou, 2016). The strength of the restraining ring is equal to krYr. 

The value of Yr was set equal to the thickness tr. The restrainer is considered acting as long as the 

restraining ring deformation is less than the thickness tr. When this displacement is exceeded for 

the first time, the restraining ring is removed from the model. 

The model is assumed valid until the displacement reaches a critical value, which results in 

collapse or overturning of the internal parts of the bearing. This displacement is denoted as 

DUltimate and is equal to the displacement capacity DCapacity as predicted by the theory in (Fenz and 

Constantinou, 2008b) plus half of the diameter of the rigid slider (see Figures 2-2 and 2-3). Note 

that the model does not explicitly simulate collapse. Simply when this limit of displacement is 

exceeded, the isolator is considered failed and execution of the program is terminated. Given that 

collapse is not directly simulated, a user of this model may opt to use a different limit for the 

ultimate displacement as for example the one calculated by more advanced models in (Sarlis and 

Constantinou, 2016). Moreover, uplift of the isolators was modelled. The interested reader is 

referred to (Kitayama et al, 2016) for more details of the modified series model. Note that while 

there are more detailed models that can simulate failure of the isolator (Sarlis and Constantinou, 

2016; Bao et al, 2017), these models are computationally very complex to be used in this study 

where over 10,000 nonlinear RHA were conducted. 

Failure of the analyzed structures was assumed when any of the following conditions occurred: (a) 

the maximum story drift ratio exceeded 0.02 (Masnoor and Mosqueda, 2015) for buildings with 

OCBF, 0.05 (Sabelli et al., 2013) for buildings with SCBF and 0.1 (FEMA, 2000) for buildings 

with SMF, (b) the isolator displacement exceeded DUltimate, (c) the triple FP isolator uplift 

displacement exceeded the height of the restraining ring (1.5in), (d) there was instability detected 

by termination of the analysis program or (e) the slope of the Sa(T1) vs maximum story drift ratio 

curve (e.g., the slope of the incremental dynamic analysis or IDA curve) was less than 0.1 times 

the slope of the same curve in the initial analysis (a condition that indicates a “flat” IDA curve). 

It should be noted that the definition of failure of the isolated structure includes the case of failure 

of the isolators either by excessive lateral displacement or uplift.  It may be argued that failure of 

the isolators does not lead to collapse of the structure if proper detailing is provided to prevent 

collapse of the structure above the isolators, such as when a large pedestal or foundation area are 
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provided, and provisions are made to raise the structure and replace the isolators.  Such cases, 

while a good practice, are not considered as they are not required by ASCE/SEI-7 and the behavior 

is not fully understood. 



27 

SECTION 4 

STRUCTURAL COLLAPSE EVALUATION 

Structural collapse of the developed designs was evaluated based on FEMA P695 (2009) using the 

set of 44 far-field ground motions in this FEMA document. First, IDA (Vamvatsikos and Cornell, 

2002) was conducted and data were obtained and used to calculate the collapse capacity. This 

collapse capacity does not include the spectral shape effects, which are known to be important 

(Haselton et al, 2011; Baker and Cornell, 2006). While FEMA (2009) includes a simple procedure 

for accounting for these effects, the procedure is based on the analysis of non-isolated concrete 

moment frame and wood frame buildings. Application of the procedure to seismically isolated 

buildings given the behavior depicted in the pushover curves of Figures 2-4 to 2-6 is problematic 

as discussed in Section 2. A specific study, presented in Appendix A, was conducted to determine 

the median collapse spectral acceleration at the fundamental period with the spectral shape effects 

accounted for based on the approach proposed by Haselton et al (2011). The median collapse 

spectral acceleration at the fundamental period , , as adjusted for the spectral shape 

effects, is provided by Equation (4-1) in which factors c0 and c1 were obtained by regression 

analysis of IDA data and are presented in Tables 4-1 and 4-2. 

, 	 	 exp ∙ ̅ (4-1) 

Values of period T1 were 0.524sec for the non-isolated SCBF, 1.186sec for non-isolated SMF and 

3.66sec (=TM, which is the effective period of the isolated structure in the MCER) for all isolated 

structures. Values of the target epsilon ̅  are 1.44 for all isolated structures, 1.46 for the non-

isolated SCBF and 1.71 for the non-isolated SMF (see Table A-1). 

Tables 4-1 and 4-2 present the results of the collapse evaluation for all considered systems in terms 

of parameters c0 and c1 of Equation (4-1), the median collapse capacity, , without due 

consideration for the spectral shape effects (as directly obtained from the IDA results), the median 

collapse capacity with due consideration for the spectral shape effects per Equation (4-1), 

, , the dispersion coefficient due to the record-to-record variability (as obtained from 

the IDA results), RTR, and the assumed total system collapse uncertainty TOT. The adjusted 

collapse margin ratio or ACMR per FEMA P695 is given by: 

, (4-2) 
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In Equation (4-2), SaMCE(T1) is the MCER spectral acceleration at the fundamental period T1 (=TM 

for isolated structures). Values of SaMCE(T1) are 1.5g for the non-isolated SCBF structure 

(T1=0.524sec), 0.759g for the non-isolated SMF structure (T1=1.186sec) and 0.246g for all isolated 

structures (T1=TM=3.66sec).  

The collapse margin ratio CMR without the adjustment for spectra shape effects is given by: 

(4-3) 

The spectral shape factor or SSF is given by: 

, (4-4) 

The total system uncertainty TOT was calculated using Equation (4-5) per FEMA P695 (2009) 

where each component of uncertainty is related to a quality rating. 

(4-5) 

In Equation (4-5), DR is the design requirements-related collapse uncertainty, TD is the test data-

related collapse uncertainty and MDL is the modeling-related collapse uncertainty. For the 

seismically isolated structures with SCBF and SMF the following quality ratings and related 

uncertainties were used: good with MDL=0.2 for modeling; good with TD=0.2 for test data and 

superior with DR=0.1 for design requirements (same assumptions made in Masroor and 

Mosqueda, 2015 and FEMA, 2009). For the non-isolated structure with SCBF, MDL=0.2, TD=0.2, 

and DR=0.2 were used based on Chen and Mahin (2012) and NIST (2010). For the non-isolated 

structure with SMF, MDL=0.2, TD=0.2, and DR=0.1 were selected based on Elkady and Lignos 

(2014) and NIST (2010). Note that the assumptions made for the calculation of the total uncertainty 

in the seismically isolated structures have been also used in the case of analysis with a moat wall 

for which there is considerable uncertainty on its behavior, primarily on the basis of the observation 

that analyses with drastically different moat wall stiffness did not result in significant differences. 

Nevertheless, the interested reader may adjust the values of the uncertainty parameters and 

recalculate the probabilities of collapse without the need for additional analyses.    
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Instead of values of the ACMR, Tables 5 and 6 present the conditional probability of collapse 

caused by the MCER or PCOL,MCE, calculated as: 

, √
exp (4-6) 

Note that the probability of collapse without the spectral shape effects is also given by Equation 

(4-6) but with ACMR replaced by CMR. Also, Equation (4-6) may be used for any value of the 

system uncertainty by replacing TOT with . 

The calculated probabilities of collapse depend on the assumed values of uncertainty parameters. 

For example, if the total uncertainty βTOT is assumed equal to 0.3, as in Shao et al. (2017), the 

probability of collapse for the isolated SCBF system with RI=1.0 in the DE and TFP-3 isolator of 

DCapacity=1.5DM would become 2.7% instead of 4.5% (see Table 4-1). The values of probabilities 

of collapse in the tables are based on reasonably conservative assumptions on the values of 

uncertainties. In addition, the results in Tables 4-1 and 4-2 are based on analyses using the lower 

bound values of friction for the isolators, which systematically resulted in the largest probabilities 

of collapse. Results are presented for one case using the upper bound values of friction per Table 

2-1 to demonstrate the effect. The reason for the reduction in the probability of collapse is the fact

that failure is dominated by excessive isolator displacements (they lead to isolator failure or to

superstructure collapse after the isolators enter the stiffening regime) and higher values of friction

result in smaller displacement demands.
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Table 4-1 Results of Collapse Fragility Analysis for Buildings with SCBF and OCBF 

System 
Coeffs. in Eq. (2) SaCol(T1) (g) 

(w/o epsilon 
adjustment) 

SaCol,adj(T1) (g) 
(w. epsilon 
adjustment) 

TOT 

(RTR) 
Prob. Collapse 
in MCER (%) c0 c1 

Designed 
per 

ASCE 7-10 
 
 

RI=1.0, TFP-1 -1.219 0.146 0.281 0.365 
0.366 

(0.209) 
14.08 

RI=1.0, TFP-2 -1.083 0.129 0.320 0.408 
0.350 

(0.181) 
7.47 

*RI=1.0, TFP-3 -0.990 0.115 0.355 0.438 
0.341 

(0.163) 
4.52 

*RI=1.0, TFP-3, Moat Wall 
at 1.5DM (1000xstiffness) 

-1.019 0.138 0.347 0.440 
0.353

(0.187) 
4.98 

*RI=1.0, TFP-3 
(Upper bound friction) 

-0.551 0.156 0.557 0.729 
0.391 

(0.255) 
1.23 

RI=1.5, TFP-1 -1.241 0.121 0.271 0.344 
0.352 

(0.185) 
17.05 

RI=1.5, TFP-2 -1.138 0.109 0.307 0.375 
0.343 

(0.166) 
10.95 

RI=1.5, TFP-3 -1.056 0.097 0.331 0.400 
0.339 

(0.158) 
7.59 

RI=2.0, TFP-1 -1.262 0.123 0.275 0.338 
0.348 

(0.176) 
18.06 

RI=2.0, TFP-1, Moat Wall 
at DM (50xstiffness) 

-1.272 0.138 0.272 0.342 
0.353 

(0.187) 
17.57 

RI=2.0, TFP-1, Moat Wall 
at DM (1000xstiffness) 

-1.286 0.166 0.262 0.351 
0.374 

(0.224) 
17.13 

RI=2.0, DC-1 
no restraining ring 

-1.389 0.148 0.237 0.309 
0.378 

(0.230) 
27.37 

RI=2.0, DC-2 
no restraining ring 

-1.228 0.134 0.274 0.356 
0.368 

(0.213) 
15.83 

RI=2.0, TFP-2 -1.166 0.107 0.293 0.364 
0.343 

(0.166) 
12.74 

RI=2.0, TFP-2, Moat Wall 
at 1.25DM (1000Xstiffness) 

-1.196 0.136 0.293 0.368 
0.357 

(0.194) 
12.99 

RI=2.0, TFP-3 -1.083 0.093 0.323 0.387 
0.340 

(0.159) 
9.09 

Designed 
per 

ASCE 7-16 

RI=1.0, TFP-1 -1.302 0.129 0.253 0.328 
0.356 

(0.193) 
21.09 

RI=1.0, TFP-1, Moat Wall 
at DM (1000xstiffness) 

-1.154 0.186 0.294 0.412 
0.395 

(0.257) 
9.60 

RI=1.0, TFP-2 -1.140 0.114 0.300 0.377 
0.350 

(0.181) 
11.13 

RI=1.0, TFP-3 -1.020 0.105 0.341 0.419 
0.341 

(0.161) 
5.87 

RI=1.0, TFP-2 
OCBF 

-1.153 0.105 0.299 0.368 
0.346 

(0.173) 
12.31 

RI=1.0, TFP-3 
OCBF 

-1.060 0.088 0.332 0.393 
0.333 

(0.145) 
7.96 

RI=2.0, TFP-1 -1.215 0.139 0.279 0.362 
0.357 

(0.194) 
13.94 

RI=2.0, TFP-1, Moat Wall -1.225 0.172 0.281 0.376 0.378 13.07 
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at DM (1000Xstiffness) (0.230) 

RI=2.0, TFP-2 -1.103 0.115 0.312 0.392 
0.346 

(0.173) 
8.93 

RI=2.0, TFP-2, Moat Wall 
at 1.25DM (1000Xstiffness) 

-1.145 0.147 0.307 0.393 
0.359 

(0.198) 
9.61 

RI=2.0, TFP-3 -1.026 0.096 0.343 0.412 
0.338 

(0.156) 
6.38 

- Non-isolated 0.809 0.238 2.821 3.179 
0.538 

(0.412) 
8.15 

* Design meets criteria for continued functionality per Zayas et al (2017)

Table 4-2 Results of Collapse Fragility Analysis for Buildings with SMF 

System 
Coeffs. in Eq. (2) SaCol(T1) (g) 

(w/o epsilon 
adjustment) 

SaCol,adj(T1) (g) 
(w. epsilon 
adjustment) 

TOT

(RTR) 
Prob. Collapse 
in MCER (%) c0 c1 

Designed 
per 

ASCE 7-
10 

RI=1.0, TFP-1 -1.042 0.177 0.331 0.455 
0.387 

(0.245) 
5.58 

RI=1.0, TFP-2 -0.911 0.164 0.383 0.510 
0.372 

(0.221) 
2.53 

RI=1.0, TFP-3 -0.827 0.154 0.398 0.546 
0.365 

(0.208) 
1.44 

RI=1.0, TFP-3 
(Upper bound friction) 

-0.402 0.190 0.635 0.891 
0.428 

(0.305) 
0.56 

RI=1.5, TFP-1 -0.996 0.141 0.373 0.453 
0.378 

(0.230) 
5.32 

RI=1.5, TFP-2 -0.896 0.121 0.393 0.486 
0.368 

(0.213) 
3.20 

RI=1.5, TFP-3 -0.855 0.098 0.411 0.490 
0.360 

(0.199) 
2.77 

RI=2.0, TFP-1 -0.998 0.134 0.364 0.447 
0.385 

(0.241) 
6.06 

RI=2.0, DC-1 
no restraining ring 

-1.462 0.1053 0.223 0.270 
0.360 

(0.200) 
39.92 

RI=2.0, DC-2 
no restraining ring 

-1.307 0.091 0.266 0.309 
0.357 

(0.194) 
26.30 

RI=2.0, TFP-2 -0.954 0.128 0.390 0.463 
0.377 

(0.229) 
4.67 

RI=2.0, TFP-3 -0.892 0.091 0.390 0.467 
0.358 

(0.195) 
3.65 

Designed 
per 

ASCE 7-
16 

RI=1.0, TFP-1 -1.143 0.155 0.292 0.398 
0.371 

(0.218) 
9.68 

RI=1.0, TFP-1, Moat Wall 
at DM (1000xstiffness) 

-0.619 0.233 0.537 0.753 
0.442 

(0.325) 
0.57 

RI=1.0, TFP-2 -1.008 0.142 0.327 0.448 
0.374 

(0.223) 
5.46 

RI=1.0, TFP-3 -0.896 0.131 0.377 0.493 
0.369 

(0.215) 
2.98 

RI=2.0, TFP-1 -1.037 0.191 0.333 0.467 
0.389 

(0.247) 
4.97 
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RI=2.0, TFP-1, Moat Wall at 
DM (1000Xstiffness) 

-0.695 0.230 0.476 0.695 
0.432 

(0.311) 
0.81 

RI=2.0, TFP-2 -0.918 0.176 0.386 0.515 
0.376 

(0.226) 
2.46 

RI=2.0, TFP-2, Moat Wall at 
1.25DM (1000Xstiffness) 

-0.685 0.166 0.498 0.640 
0.400 

(0.265) 
0.85 

RI=2.0, TFP-3 -0.831 0.153 0.401 0.543 
0.363 

(0.204) 
1.46 

- Non-isolated 0.475 0.242 1.675 2.432 
0.448 

(0.333) 
0.46 

Note that the results in Tables 4-1 and 4-2 include cases in which moat walls are used. In Table 4-

1 two cases are presented in which the moat wall stiffness is assumed to be 50 times or 1000 times 

larger than the stiffness of the TFP-1 isolator in the stiffening regime (see Figures 2-2 and 2-3). 

The two cases result in essentially the same results (see also pushover curves in Figures 2-4 to 2-

6 and the related commentary in Section 2 for explanation). Accordingly, other analyses with moat 

wall make use of the stiffness multiplier of 1000. 

In discussing the results of Tables 4-1 and 4-2, the target reliabilities that are stipulated in Section 

1.3.1.1 of ASCE 7-16 (ASCE, 2016) can be used. This requires conditional probabilities of 

collapse caused by the MCER not to exceed 10% for typical buildings of risk category I or II, 2.5% 

for essential buildings of risk category IV and 5% for other structures. The following are observed: 

1) SCBF buildings designed by the minimum criteria of ASCE/SEI 7-10 or 7-16 (isolator

TFP-1 or DC-1, or TFP-1 with moat wall placed at distance DM; RI=2.0) have unacceptable

probabilities of collapse in the MCER (exceeding 10%). These probabilities of collapse are

also larger than that of the non-isolated comparable structure designed by the minimum

criteria of ASCE/SEI 7, which has an acceptable probability of collapse in the MCER.

2) The probability of collapse decreases with increasing isolator displacement capacity while

RI is fixed. However, the probability of collapse may increase as RI is reduced while the

isolator displacement capacity is fixed. The latter case may appear counterintuitive, as it

would be expected that increases in the strength of the superstructure would result in

reduction of the probability of collapse. While this is true for non-isolated structures, it is

not always true for isolated structures when collapse is dominated by excessive isolator

displacement. As the strength of the superstructure is increased, inelastic action in the

superstructure is delayed leading to larger isolator displacement demands. Accordingly,
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specifications for values of RI should be consistent with specifications for the displacement 

capacity of isolators. 

3) Use of isolators with DCapacity=1.5DM and DUltimate=1.9DM (TFP-3), and designed for any

acceptable value of parameter RI have a probability of collapse that is less than 10%, thus

acceptable for typical structures of risk category I and II (ASCE, 2016). However,

probabilities of collapse less than 5% as required for important structures can be achieved

when RI=1 in the DE per ASCE/SEI 7-10 but not when RI=1 in the MCER per ASCE/SEI

7-16. For the latter case, the isolator displacement capacity should be further increased to

be consistent with the strength of the superstructure per comments in item 2 above.

4) The use of moat walls (herein investigated for the cases of (a) RI=2, isolator TFP-1 with

DCapacity=DM and moat wall at DM or isolator TFP-2 with DCapacity=1.25DM and moat wall

at 1.25DM, and (b) RI=1, isolator TFP-3 with DCapacity=1.5DM and moat wall at 1.5DM)

resulted in essentially the same results on the probability of collapse as analyzed cases

without the moat walls for the SCBF. Apparently and as evident in pushover curves

presented in Section 2, the stiffening behavior of the triple FP isolators serves a function

similar to a moat wall provided that the isolators do not collapse (that is, there is collapse

of the superstructure). This is the case for the SCBF in which collapse is controlled by drift

in the superstructure, which is limited (5% drift ratio) for the SCBF.

5) The comment in item 2 above on the need for specifications for values of RI that are

consistent with specifications for the displacement capacity of isolators also applies in the

case of the use of moat walls. A clear example is the cases of RI=1 or 2 and isolator TFP-1

in Table 4-1 for the SCBF designed by the procedures of ASCE/SEI 7-16. For the case of

RI=2, both cases with and without a moat wall placed at DM result in similar and

unacceptable probabilities of collapse of about 13 to 14%. However, when RI=1, the

probability of collapse without the moat wall increases to 21% but reduces to about 10%

when a wall is utilized.

6) In the case of the SMF, use of moat wall (herein investigated for the cases of RI=2, isolator

TFP-1 with DCapacity=DM and moat wall at DM, and isolator TFP-2 with DCapacity=1.25DM

and moat wall at 1.25DM) resulted in a lower probability of collapse than when using the
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stiffening isolator, although the probabilities of collapse for both cases are small. Further 

comments that are presented later in this section attribute the difference to the mode of 

failure being different in the two cases: collapse of superstructure in the case of the use of 

moat walls versus collapse of the isolator otherwise. Given that for the SMF the 

superstructure has significantly larger ability to deform than the SCBF, the probability of 

collapse is reduced.  

7) The importance of the stiffening behavior of the triple FP isolators (or equivalently of some

displacement restrainer) is evident in the increase of the probability of collapse when the

restrainer ring is removed. (For RI=2 per ASCE/SEI 7-10, SCBF buildings with TFP-1 and

DC-1 isolators have probability of collapse of 18.1% and 27.3%, respectively).

8) The collapse performance of the OCBF design per criteria of ASCE/SEI 7-16 (ASCE,

2016) (RI=1.0 in MCER, isolators with DCapacity≥1.2DM) is unacceptable as the probability

of collapse exceeds 10%. To achieve acceptable probability of collapse the isolator

displacement capacity has to be increased to DCapacity=1.5DM. Note that the study of

Masroor and Mosquesda (2015) computed a just acceptable probability of collapse (just

over 10%) for a 3-story OCBF building designed by criteria that meet the minimum criteria

of ASCE/SEI 7-16. The differences are likely due to the differences in height of the two

buildings with the taller building of this study having a larger probability of collapse. This

observation is consistent with the results of the study of Chimamphant and Kasai (2016).

9) The results in Table 6 for the SMF are qualitatively similar to those for the SCBF but the

probabilities of collapse are lower. This is due to the capability of the SMF to deform more

than the SCBF before collapse (assumed 10% story drift ratio for SMF and 5% for SCBF).

Nevertheless, SMF designed by the minimum criteria of ASCE/SEI 7-10 without a

restrainer ring (RI=2.0, isolator DC-1) still has unacceptable probability of collapse

(39.9%). Even when the displacement capacity is increased (design with isolator DC-2),

still the probability of collapse is unacceptable (26.3%).

10) All isolated SMF structures of whatever design details have higher probabilities of collapse

than the comparable non-isolated design. A question then arises: what does seismic

isolation offer? This will be investigated in the next section where studies of the



35 

performance of the studied structures in terms of peak floor acceleration, peak story drift 

ratio and peak residual drift ratio are presented. 

Explanation for the collapse behavior of the studied isolated structures is provided in the results of 

Figure 4-1 through 4-4 which present the calculated peak isolator displacement when collapse 

occurs for the SCBF and SMF in the designs with RI=1.0, 1.5 and 2.0 (for the DE, per ASCE/SEI 

7-10) and 1.0 and 2.0 (for MCER per ASCE 7-16) and the three cases of TFP isolators. Note that

in these figures each ground motion has the seismic intensity that causes collapse. That is, each

ground motions is scaled to a different seismic intensity. Each graph contains two types of lines: a

dashed line that denote the displacement capacity DCapacity and a solid line that denote the ultimate

displacement capacity DUltimate. Colors are used to distinguish the different size of the considered

isolators. Results are presented for each of the 44 motions used in the analysis. The results show

that as the RI factor is increased from the value of 1.0 to 2.0, there is an increasing number of

collapses by failure of the superstructure. For example, it may be seen in Figure 4-3 that for the

design with RI=2.0, the percentage of cases when the isolator ultimate capacity is exceeded is about

35% in the design with the minimum displacement capacity isolators TFP-1, is 23% in the design

with isolators TFP-2 and is 12% in the design with isolators TFP-3. By comparison for the design

with RI=1.0 in the same figure, all failures are by failure of the isolators. It is apparent that reducing

the RI factor requires also increases in the displacement capacity of the isolators in order to affect

the probability of collapse.

The calculated probability of collapse for the 6-story SCBF of the enhanced design with RI=1.0 

and isolators with displacement capacity at initiation of stiffening equal to 1.5DM and an ultimate 

displacement capacity of 1.9DM are very close to those calculated in the study of Shao et al, 2017) 

for a 3-story SCBF designed by similar procedures. Particularly, Shao et al (2017) calculated a 

2.5% probability of collapse in the MCER when assuming a dispersion factor of 0.3, whereas this 

study calculated a 4.5% probability of collapse for a dispersion factor of 0.341 as obtained from 

the analysis and after adjustment for uncertainties. The probability of collapse is 2.7% when a 

dispersion factor of 0.3 is assumed, thus essentially the same as that of the Shao et al. (2017) study. 

The results of this study demonstrate that designing by the minimum requirements of ASCE/SEI 

7 may result in unacceptable probabilities of collapse in the MCER. Probabilities of collapse less 

than 5% in the MCER were achieved for designs with RI=1.0 (either for DE or the MCER) and 

designing triple FP isolators with a displacement capacity at initiation of stiffening equal to 1.5DM 

and an ultimate displacement capacity of 1.9DM. The stiffening behavior of the isolators or 

equivalently the use of moat walls is important in preventing collapse. Without it, as when using 
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double concave isolators without a restrainer ring or moat walls, there are unacceptably high 

probabilities of collapse. Also, a design with OCBF that satisfies the minimum criteria of 

ASCE/SEI 7-16 resulted in a marginally unacceptable probability of collapse in the MCER, which 

could be improved to acceptable by using isolators with  displacement capacity at initiation of 

stiffening equal to 1.5DM instead of 1.2DM. 

Figure 4-1 Peak Isolator Displacements at Collapse of Buildings with SCBF Designed for the DE 

per ASCE/SEI 7-10 and without moat walls 
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Figure 4-2 Peak Isolator Displacements at Collapse of Buildings with SMF Designed for the DE 

per ASCE/SEI 7-10 and without moat walls 
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Figure 4-3 Peak Isolator Displacements at Collapse of Buildings with SCBF Designed for the 

MCER per ASCE/SEI 7-16 and without moat walls 
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Figure 4-4 Peak Isolator Displacements at Collapse of Buildings with SMF Designed for the 

MCER per ASCE/SEI 7-16 and without moat walls 
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adjustments for spectral shape effects show large probabilities of collapse which increase when a 
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intensity so that it causes collapse). It is noted that all failures of the system with moat wall occur 

by failure of the superstructure. The SCBF system without a moat wall in Figure 4-5 has 2 out of 

44 cases failing due to excessive isolator displacement (design RI=2 per ASCE 7-10, isolator TFP-

1) and 13 out of 44 cases of isolator failure in Figure 4-8 (design RI=1 per ASCE 7-10, isolator

TFP-3).

When the spectral shape effects are considered, the probabilities of collapse drastically reduce but 

then increased again when uncertainties are accounted for based on Equation 4-5. The data used 

in the calculation of the spectral acceleration at collapse with due consideration of spectra shape 

effects are presented in Appendix A. They are described by Equation 4-1 with parameters listed in 

Table 4-1. A review of the data in Appendix A reveals uncertainties in the lines fitted through the 

data due to the spread in the data and due to the value of the period T1-the latter affects the value 

of quantity	 ̅ .   
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Table 4-3 Extended Results of Fragility Analysis for Selected Systems with and without Moat 

Walls (all cases of wall with x1000 stiffness) 

System CMR ACMR SSF RTR TOT

Prob. Collapse 
in MCER (%) 

Without Spectral 
Shape Effects 

Prob. Collapse 
in MCER (%) 
With Spectral 
Shape Effects 

RTR TOT RTR TOT

SCBF, RI=1.0, TFP-3 
per ASCE 7-10* 

1.44 1.78 1.23 0.163 0.341 1.22 14.11 0.02 4.52 

SCBF, RI=1.0, TFP-3 
per ASCE 7-10* 

Moat Wall at 1.5DM 
1.41 1.79 1.27 0.187 0.353 3.29 16.49 0.09 4.98 

SCBF, RI=1.0, TFP-1 
per ASCE 7-16 

1.03 1.33 1.30 0.193 0.356 44.22 46.86 6.80 21.09 

SCBF, RI=1.0, TFP-1 
per ASCE 7-16 

Moat Wall at DM 
1.19 1.67 1.40 0.257 0.395 24.50 32.68 2.23 9.60 

SCBF, RI=2.0, TFP-1, 
per ASCE 7-10 

1.12 1.37 1.23 0.176 0.348 26.33 37.43 3.55 18.06 

SCBF, RI=2.0, TFP-1, 
per ASCE 7-10 

Moat Wall at DM 
1.07 1.43 1.34 0.224 0.374 38.87 43.31 5.64 17.13 

SCBF, RI=2.0, TFP-2, 
per ASCE 7-10 

1.19 1.48 1.24 0.166 0.343 14.62 30.52 0.91 12.66 

SCBF, RI=2.0, TFP-2, 
per ASCE 7-10 

Moat Wall at 1.25DM 
1.19 1.49 1.25 0.194 0.357 18.38 31.22 1.90 12.96 

SMF, RI=1.0, TFP-1, 
per ASCE 7-16 

Moat Wall at DM 
2.18 3.06 1.40 0.325 0.442 0.81 3.87 0.03 0.57 

SMF, RI=2.0, TFP-2, 
per ASCE 7-16 

1.57 2.09 1.33 0.226 0.376 2.31 11.54 0.05 2.46 

SMF, RI=2.0, TFP-2, 
per ASCE 7-16 

Moat Wall at 1.25DM 
2.02 2.60 1.29 0.265 0.400 0.39 3.89 0.02 0.85 

* Design meets criteria for continued functionality per Zayas et al (2017)
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Figure 4-5 Peak Isolator Displacements at Collapse of Buildings with SCBF Designed per 

ASCE/SEI 7-10, Isolator TFP-1 with and without Moat Wall at Distance DM 

Figure 4-6 Peak Isolator Displacements at Collapse of Buildings with SCBF Designed per 

ASCE/SEI 7-10, Isolator TFP-2 with and without Moat Wall at Distance 1.25DM 

Figure 4-7 Peak Isolator Displacements at Collapse of Buildings with SCBF Designed per 

ASCE/SEI 7-16, Isolator TFP-1 with and without Moat Wall at Distance DM
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Figure 4-8 Peak Isolator Displacements at Collapse of Buildings with SCBF Designed per 

ASCE/SEI 7-10, Isolator TFP-3 with and without Moat Wall at Distance 1.5DM
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SECTION 5 

PROBABILISTIC ASSESSMENT OF SEISMIC RESPONSE 

The seismic performance of the designed isolated and non-isolated buildings is probabilistically 

assessed in terms of the following engineering demand parameters (EDP): maximum story drift 

ratio, maximum residual story drift ratio and peak floor acceleration. For the evaluation, the mean 

annual frequency of exceeding specific limits of these EDP was calculated by considering 

increasing levels of seismic intensity. The story drift ratio is related to the damage of buildings and 

is a generally used index of structural damage. It is also related to damage to non-structural 

components that run vertically (Elenas and Meskouris, 2001; FEMA, 2012a). The residual story 

drift ratio is an important indicator in the decision to repair or demolish damaged buildings 

(McCormick et al, 2008; FEMA, 2012a; Bojorquez and Ruiz-Garcia, 2013). The peak floor 

acceleration is related to damage of non-structural components attached to floors (suspended 

ceilings, lighting fixtures, caster-supported furniture, sprinklers, etc.) (FEMA, 2012a,b; Furukawa 

et al, 2013; Soroushian et al, 2015a,b, Ryu and Reinhorn, 2017). In general, a peak floor acceleration 

of 0.3g indicates very low or no damage to mechanical, electrical, plumbing, suspended ceilings 

and sprinklers systems, and to building contents (Elenas and Meskouris, 2001; FEMA, 2012a; 

Furukawa et al, 2013; Soroushian et al, 2015a,b; Ryu and Reinhorn, 2017). A maximum story drift 

ratio of 0.5% indicates the onset of damage for mechanical, electrical and plumbing systems 

(Elenas and Meskouris, 2001) and content damage and loss of use (Zayas, 2017), and a 0.5% to 

1.0% residual drift ratio indicates that it may be more economical to demolish than to repair 

(McCormick et al, 2008; FEMA, 2012a; Bojorquez and Ruiz-Garcia, 2013). 

Incremental dynamic analysis is appropriate and useful in assessing the seismic performance of 

buildings in terms of collapse based on FEMA P695 (FEMA, 2009). However, the use of IDA may 

not be suitable for the assessment of seismic response other than collapse primarily due to the fact 

that is based on the use of non-frequent strong earthquake motions (the motions used in the collapse 

evaluation had magnitude larger than 6.5, peak ground acceleration larger than 0.2g, random 

epsilon values and scaled up to intensities beyond the MCER). Moreover, the adjustment of results 

of IDA to account for spectral shape effects was shown in Section 4 to include ambiguities and to 

have a significant effect on the calculated probability of collapse. 

For the assessment of seismic response that causes minor or moderate damage under more frequent 

earthquakes, the selection and scaling of ground motions should be consistent with the local 

seismic hazard as described in the probabilistic seismic performance procedure of Lin et al (2013a) 

with details on the selection and scaling of motions and a summary of the procedure presented in 
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NIST (2011). This procedure makes use of conditional spectra. Also, the multiple stripe analysis 

technique (Jalayer, 2003) was selected to conduct the analyses of this study as it allowed the use 

of different sets of hazard-consistent ground motions at each intensity level. The results of the 

study are presented in the form of relationships between the selected EDP and the annual frequency 

of exceeding specific EDP limits. For the analysis, in total 1,200 motions were selected and scaled 

to represent ten different earthquake return periods (43 to 10,000 years) and three different building 

periods (40 motions per return period; 400 motions per building period). Given that the procedure 

utilizes hazard-consistent ground motions for each considered intensity level, it properly considers 

spectral shape effects so no corrections are needed. The procedure for the selection and scaling of 

the motions is described in Appendix B.   

The procedure described in Lin et al (2013a) and NIST (2011) may also be used to assess the 

collapse performance for any of the considered seismic intensity levels. This is done in this study 

in selected cases in order to compare with results obtained by the FEMA P695 procedure. This 

required some adjustment of the probabilistic assessment procedure to account for uncertainties 

beyond those inherent in the record-to-record variability of the ground motions.  Results of this 

comparison are presented in Section 6. 

Figures 5-1 to 5-9 present the mean annual frequency of exceeding limits on the peak story drift 

ratio, the peak residual story drift ratio, the peak floor acceleration and the peak roof acceleration, 

respectively. Results are presented for the non-isolated SCBF and SMF and for the isolated SCBF 

and SMF structures with RI=1 and 2 (in the DE or the MCER) and with triple FP isolators of the 

minimum displacement capacity DM (TFP-1) and the maximum 1.5DM (TFP-3).  Also, the 

following cases with moat walls (all with 1000xstiffness) are included: 

(a) The SCBF with RI=2 (in the DE), isolator TFP-1 with a moat wall placed at distance DM

and the enhanced design with isolator TFP-2 and a moat wall placed at distance 1.25DM.

(b) The SCBF with RI=1 (in the DE), isolator TFP-3 with a moat wall placed at distance 1.5DM.

(c) The SMF with RI=2 (in the MCER), isolator TFP-1 with a moat wall placed at distance DM

and the enhanced design with isolator TFP-2 and a moat wall placed at distance 1.25DM.

For the generation of results shown in Figures 5-1 to 5-9, Equation (B-4) was used with 

|  calculated as follows: 

1) For the peak story drift ratio (PSDR) (EDP replaced by PSDR) (NIST, 2011; Lin et al,

2013a):
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| 1 1 Φ     (5-1) 

In Equation (5-1), P(C) is the probability of collapse given Sa(T1)=xi. It was obtained by 

first constructing a collapse fragility curve using the method of maximum likelihood 

(Shinozuka et al, 2000; Baker, 2015) and then obtaining P(C) for xi. Also, lnPSDR and 

lnPSDR are the mean and standard deviation of the lnPSDR values given Sa(T1)=xi in which 

collapse did not occur.  is the normal cumulative distribution function given by an 

expression similar to Equation (4-4) but with the limit of integration extending to “y” 

instead of 1. Collapse was defined using the same criteria as those used in the structural 

collapse evaluation. The peak story drift ratio was assumed infinitely large when collapse 

occurs and was removed from the calculation of term “(lny-lnRSDR/lnPSDR” in Equation 

(4-4).  

2) For the case of the peak residual drift ratio (PRDR), the same procedure applies with

Equation (6) used but PSDR replaced by PRDR.

3) For the case of the peak floor (PFA) Equation (B-4) is used (EDP replaced by PFA) with

P(PFA>y|Sa(T1)=xi) calculated by (NIST, 2011; Lin et al, 2013a):

| 1 Φ (5-2) 

Here, lnPFA and lnPFA are the mean and standard deviation of the lnPFA values given Sa 

(T1)=xi. 

The results on the mean annual frequency of an EDP exceeding a limit y, (EDP>y), can be used 

to calculate the probability of exceeding the EDP limit y in “N” year, P(EDP>y), by assuming that 

the earthquake occurrence follows a Poisson distribution so that (FEMA, 2012a): 

1 (5-3) 

The results in Figures 5-3 and 5-4 show higher mean annual frequencies for the roof acceleration 

than the floor acceleration of isolated buildings. Typically, the roof acceleration was higher than 

that of the floors below in the isolated buildings but not so for the non-isolated buildings. In the 

discussion that follows some results will be presented that demonstrate the differences.   

The results in Figures 5-1 to 5-9 show that: (a) the mean annual frequency of exceeding any 

acceleration values at the floor or roof level are lower in the isolated buildings of any design than 
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in the comparable non-isolated buildings, (b) isolated buildings have lower mean annual 

frequencies of exceeding most but not all values of peak story drift ratio and peak residual story 

drift ratio than comparable non-isolated buildings, (c) isolated buildings designed by the enhanced 

criteria of RI=1.0 in the DE (or MCER) and stiffening isolators with displacement capacity at 

initiation of stiffening equal to 1.5DM have lower mean annual frequencies of exceeding all values 

of peak story drift ratio and peak residual story drift ratio than comparable non-isolated buildings, 

and (d) the use of moat walls has generally small effects on the mean annual frequency of 

exceedance of peak drift ratio and residual drift ratio by comparison to comparable designs with 

stiffening triple FP isolators without a moat wall. However, the use of moat walls results in 

systematically higher mean annual frequency of exceedance of high values for the peak floor 

acceleration. Accordingly, in enhanced designs such as those that meet the criteria in Zayas et al 

(2017) the use of moat walls do not offer any advantage. 

Some sample results in terms of the probability of exceeding specific values of the floor or roof 

acceleration (0.3g), of the peak story drift ratio (0.5%) and of the residual drift ratio (0.5% and 

1%) in 50years (per Equation (5-3)) are presented in Table 5-1. The table also includes the 

probabilities of collapse in the MCER as given in Tables 4-1 and 4-2. The selected EDP limits of 

0.3g and 0.5% for peak floor or roof acceleration and peak story drift ratio indicate the onset of 

damage to non-structural components and to the building contents (Elenas and Meskouris, 2001; 

Furukawa et al, 2013; Soroushian et al, 2014). The limits of 0.5% to 1.0% for the residual story 

drift ratio denote that the building will likely have to be demolished as it would be uneconomical 

to repair (McCormick et al., 2008; FEMA, 2012a; Bojorquez and Ruiz-Garcia, 2013). 

The results in Table 5-1 show that isolated structures designed with the minimum or by enhanced 

design criteria have lower probabilities than comparable non-isolated structures to develop, within 

a lifetime of 50 years, some form of minor damage to non-structural components and building 

contents or to have large enough residual story drift to require demolition. When isolated structures 

are designed by the enhanced criteria of RI=1 in the DE and with stiffening isolators having 

DCapacity=1.5DM and DUltimate=1.9DM, there is substantial reduction of the probabilities to develop 

damage or to require demolition. It is noted that the enhanced braced frame designs (SCBF with 

RI=1.0 in the DE and OCBF with RI=1.0 in the MCER and isolators with DCapacity=1.5DM and 

DUltimate=1.9DM) have the lowest probabilities to develop minor damage or to require demolition 

which are noticeably less than those of the isolated moment frames.  Characteristic of the two 

designs is that they have a calculated peak drift ratio of less than 0.2% (for the DE or the MCER) 

per Table 2-2, whereas the enhanced moment frame designs have a drift ratio of less than 1.5% 

per Table 2-3. This difference is important in controlling damage. 
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Figure 5-1 Mean Annual Frequency of Exceeding Limits on Peak Story Drift Ratio 
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Figure 5-2 Mean Annual Frequency of Exceeding Limits on Peak Residual Story Drift Ratio 
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Figure 5-3 Mean Annual Frequency of Exceeding Limits on Floor Acceleration 
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Figure 5-4 Mean Annual Frequency of Exceeding Limits on Roof Acceleration 
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Figure 5-5 Comparisons of Mean Annual Frequency of Exceeding Limits on Drift, Residual 

Drift and Peak Acceleration for SCBF Designed per Minimum Criteria of ASCE 7-10 (RI=2, 

Isolator TFP-1) without and with Moat Wall at DM 
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Figure 5-6 Comparisons of Mean Annual Frequency of Exceeding Limits on Drift, Residual 

Drift and Peak Acceleration for SCBF Designed per ASCE 7-10 for RI=2, Isolator TFP-2 without 

and with Moat Wall at 1.25DM 
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Figure 5-7 Comparisons of Mean Annual Frequency of Exceeding Limits on Drift, Residual 

Drift and Peak Acceleration for SCBF Designed per ASCE 7-10 for RI=I, Isolator TFP-3 without 

and with Moat Wall at 1.50DM (design without moat wall meets criteria for continued 

functionality per Zayas et al, 2017) 
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Figure 5-8 Comparisons of Mean Annual Frequency of Exceeding Limits on Drift, Residual 

Drift and Peak Acceleration for SMF Designed per Minimum Criteria of ASCE 7-16 (RI=2, 

Isolator TFP-1) without and with Moat Wall at DM 
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Figure 5-9 Comparisons of Mean Annual Frequency of Exceeding Limits on Drift, Residual 

Drift and Peak Acceleration for SCBF Designed per ASCE 7-16 for RI=2, Isolator TFP-2 without 

and with Moat Wall at 1.25DM 
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Table 5-1 Probabilities in % of Collapse in MCER and Probabilities of Exceeding in 50 Years 

Limits on Floor (Roof in Parenthesis) Acceleration, Story Drift Ratio and Residual Drift Ratio 

for Isolated and Non-Isolated Buildings (PSDR=Peak Story Drift Ratio, PRDR=Peak Residual 

Drift Ratio, PFA=Peak Floor Acceleration, PRA=Peak Roof Acceleration) 

Design 
Description 

Prob. of Collapse 
in MCER 

(per FEMA 
P695) 

Prob. of 
Exceeding 

0.005 
PSDR 

in 50 years 

Prob. of 
Exceeding 

0.005 
PRDR 

in 50 years 

Prob. of 
Exceeding 

0.01 
PRDR 

in 50 years 

Prob. of 
Exceeding 
0.3g PFA 

(PRA) 
in 50 years 

Non-isolated SMF, R=8, 
minimum requirements of 

ASCE 7-10 and 7-16 
0.46 68.4 9.9 4.1 

65.1 
(68.2) 

Isolated SMF, minimum 
requirements of ASCE 7-10 

RI=2 (DE), TFP-1 
6.06 49.7 4.3 3.2 

16.9 
(38.8) 

Isolated SMF, minimum 
requirements of ASCE 7-16 

RI=2 (MCER), TFP-1 
4.97 25.0 2.6 2.0 

16.1 
(36.0) 

Isolated SMF, minimum 
requirements of ASCE 7-16 
RI=2 (MCER), TFP-1, moat 

wall at DM 

0.81 25.1 2.9 2.1 
16.7 

(36.0) 

Isolated SMF, enhanced 
requirements 

RI=1 (DE), TFP-3 
DCapacity=1.5DM, 
DUltimate=1.9DM 

1.44 30.3 2.0 1.5 
15.9 

(36.7) 

Non-isolated SCBF, R=6, 
minimum requirements of 

ASCE 7-10 and 7-16 
8.15 54.4 5.6 2.7 

68.0 
(68.6) 

Isolated SCBF, minimum 
requirements of ASCE 7-10 

RI=2 (DE), TFP-1 
18.06 4.9 3.2 2.8 

11.0 
(28.0) 

Isolated SCBF, minimum 
requirements of ASCE/SEI 

7-10 RI=2 (DE), TFP-1, 
moat wall at DM 

17.13 5.1 3.4 3.0 
12.0 

(28.1) 

Isolated SCBF, minimum 
requirements of ASCE/SEI 

7-10 RI=2 (DE), TFP-2 
12.66 4.1 2.5 2.2 

10.5 
(27.7) 

Isolated SCBF, minimum 
requirements of ASCE/SEI 

7-10 RI=2 (DE), TFP-2, 
moat wall at 1.25DM 

12.96 4.2 2.6 2.4 
11.1 

(27.8) 

Isolated SCBF, minimum 
requirements of ASCE/SEI 
7-16 RI=2 (MCER), TFP-1 

13.94 3.8 2.6 2.4 
9.2 

(27.0) 

Isolated SCBF, enhanced 
requirements RI=1 (DE), 
TFP-3, DCapacity=1.5DM, 

DUltimate=1.9DM 

4.52 2.3 1.5 1.4 
6.9 

(23.0) 
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Isolated SCBF, enhanced 
requirements RI=1 (DE), 
TFP-3, DCapacity=1.5DM, 

DUltimate=1.9DM 
Moat Wall at 1.5DM 

4.98 2.8 1.7 1.5 
7.6 

(23.2) 

Isolated OCBF, minimum 
requirements RI=1 

(MCER),TFP-2, 
DCapacity=1.25DM, 
DUltimate=1.6DM 

12.31 2.4 1.9 1.9 
7.5 

(21.5) 

Isolated OCBF, enhanced 
requirements RI=1 

(MCER),TFP-3, 
DCapacity=1.5DM, 
DUltimate=1.9DM 

7.96 1.8 1.5 1.4 
7.0 

(21.2) 

Isolated SMF, minimum 
requirements of ASCE 7-16 

RI=2 (MCER), TFP-2 
2.46 25.0 2.2 1.7 

15.8 
(35.9) 

Isolated SMF, minimum 
requirements of ASCE 7-16 

RI=2 (MCER), TFP-2 
Moat wall at 1.25DM 

0.85 25.0 2.3 1.7 
16.1 

(35.9) 



60 



61 

SECTION 6 

COMPARISON OF RESULTS OF COLLAPSE ASSESSMENT OBTAINED BY FEMA 

P695 PROCEDURE AND BY A PROBABILISTIC APPROACH USING CONDITIONAL 

SPECTRA 

The procedure used in Section 5 to obtain results on the probabilistic response of isolated structures 

(NIST, 2011; Lin et al, 2013a) is also suitable to obtain information on the probability of collapse 

given a particular level of seismic intensity. This allows comparison of results obtained by this 

procedure to those obtained using the FEMA P695 procedure (FEMA, 2009) and presented in 

Section 4. 

The probabilistic approach of Section 5 (with additional information in Appendix B) makes use of 

sets of motions (sample of 40) compatible with conditional spectra for seismic intensities related 

to return periods in the range of 43 to 10000 years (10 intensities). The motions used for each 

seismic intensity are different (unlike the IDA procedure used in FEMA P695 which utilizes of the 

same motions for all seismic intensities). Accordingly, the results of the procedure directly account 

for the spectral shape effects.  

The probabilistic approach involves analysis of each considered structural system with 400 

motions. These motions differ depending on the fundamental period of the structural system as the 

conditional spectra depend on this period. Given that the structural models used in the analysis 

include features that directly or indirectly detect collapse as described in Section 3, the procedure 

may be used to obtain results on the probability of collapse as function of the seismic intensity.  

Figure 6-1 illustrates the procedure for obtaining results using the probabilistic approach of Section 

5 (and Appendix B) and how the results compare with those obtained by use of the FEMA P695 

procedure. The results presented in Figure 6-1 apply for the isolated SCBF designed for RI=2 per 

ASCE/SEI 7-10 with isolator TFP-1. The top graphs in the figure show the fragility curves as 

obtained by fitting the data of the IDA analysis following the FEMA P695 procedure and the 

NIST/Lin analysis using the 400 motions compatible with conditional spectra for ten different 

return periods. The data of the FEMA P695 analysis are the adjusted for the effect of the spectral 

shape (SSF=1.23) resulting in a fragility curve with the same dispersion factor but a larger median. 

The fragility curve obtained by the NIST/Lin procedure does not require any adjustment. The two 

fragility curves are shown again in the bottom graph of the figure in solid lines in which the media 

and dispersion factors are included in the graphs. Note that the dispersion factor in the fragility 

curves only accounts for the record-to-record variability in the ground motions (is denoted as RTR). 
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The value of the dispersion factor is then adjusted to account for uncertainties as described by 

Equation 4-5 and the following quality ratings and related uncertainties based on FEMA P695: 

good with MDL=0.2 for modeling; good with TD=0.2 for test data and superior with DR=0.1 for 

design requirements. The resulting values of the total dispersion factor TOT are shown in the figure 

with the corresponding fragility curves shown in dashed lines. 

 

Figure 6-1 Comparison of Fragility Curves for Isolated SCBF, Case RI=2, Isolator TFP-1 

Obtained by Different Methodologies 

Table 6-1 presents results of comparison of results obtained for several studied systems using the 

FEMA P695 and the NIST/Lin methodologies as described above. In calculating the probability 

of collapse for MCER in the table, the value of SaMCE(T1) as obtained from the MCER spectrum was 

used. This value is equal to 0.246g for the isolated structures (T1=TM=3.66sec). The results in the 

table demonstrate difference in the values of the probabilities but also consistency in how changes 

in design (in terms of value of RI , isolator displacement capacity and isolation system 

characteristics) affect the probability of collapse. The differences in the calculated values of the 

probability of collapse are relatively small given the significant differences in the two 

methodologies. This is may be a viewed as validation of the two methodologies. 
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Table 6-1 Comparison of Probabilities of Collapse of SCBF Obtained by Different 

Methodologies 

Methodology 
FEMA P695 (FEMA, 2009) with Direct

Evaluation of Spectral Shape Effects 
Lin et al (2013a), NIST (2011) 

System 
SaCol(T1) 

(g) 
TOT

(RTR) 

Prob. 
Collapse 

in MCER 

(%)

SaCol(T1) 
(g) 

TOT

(RTR) 

Prob. 
Collapse 

in MCER (%) 

Designed 
per 

ASCE 7-10 

RI=1.0, TFP-1 0.365 
0.366 

(0.209) 
14.08 0.424 

0.434 
(0.314) 

10.56 

*RI=1.0, TFP-3 0.438 
0.341 

(0.163) 
4.52 0.453 

0.372 
(0.219) 

5.03 

*RI=1.0, TFP-3
Moat wall at 1.5DM 

0.440 
0.353 
(0.187) 

4.98 0.466 
0.369 

(0.215) 
4.18 

RI=2.0, TFP-1 0.338 
0.348 

(0.176) 
18.06 0.376 

0.389 
(0.248) 

13.85 

RI=2.0, TFP-1 
Moat wall at DM 

0.351 
0.374 

(0.224) 
17.13 0.377 

0.411 
(0.281) 

14.94 

RI=2.0, TFP-2 
Moat wall at 1.25DM 

0.368 
0.357 

(0.194) 
12.99 0.390 

0.403 
(0.269) 

12.68 

RI=2.0, TFP-3 0.387 
0.340 

(0.159) 
9.09 0.419 

0.409 
(0.278) 

9.61 

Designed 
per 

ASCE 7-16 

RI=1.0, TFP-1 0.328 
0.356 

(0.193) 
21.09 0.382 

0.408 
(0.276) 

14.02 

RI=1.0, TFP-3 0.419 
0.341 

(0.161) 
5.87 0.471 

0.355 
(0.189) 

3.34 

RI=2.0, TFP-1 0.362 
0.357 

(0.194) 
13.94 0.386 

0.376 
(0.226) 

11.58 

RI=2.0, TFP-3 0.412 
0.338 

(0.156) 
6.38 0.435 

0.391 
(0.250) 

7.21 

* Design meets criteria for continued functionality per Zayas et al (2017)
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Table 6-2 Comparison of Probabilities of Collapse of SMF Obtained by Different Methodologies 

Methodology 
FEMA P695 (FEMA, 2009) with Direct

Evaluation of Spectral Shape Effects 
Lin et al (2013a), NIST (2011) 

System 
SaCol(T1) 

(g) 
TOT

(RTR) 

Prob. 
Collapse 

in MCER 

(%)

SaCol(T1) 
(g) 

TOT

(RTR) 

Prob. 
Collapse 

in MCER (%) 

Designed 
per 

ASCE 7-10 

RI=1.0, TFP-1 0.455 
0.387 

(0.245) 
5.58 0.504 

0.394 
(0.256) 

3.44 

RI=1.0, TFP-3 0.546 
0.365 

(0.208) 
1.44 0.533 

0.366 
(0.210) 

1.73 

RI=2.0, TFP-1 0.447 
0.385 

(0.241) 
6.60 0.441 

0.427 
(0.304) 

8.61 

RI=2.0, TFP-3 0.467 
0.358 

(0.195) 
3.65 0.466 

0.440 
(0.322) 

7.34 

Designed 
per 

ASCE 7-16 

RI=1.0, TFP-1 0.398 
0.371 

(0.218) 
9.68 0.435 

0.387 
(0.245) 

7.05 

RI=1.0, TFP-3 0.493 
0.369 

(0.215) 
2.98 0.489 

0.368 
(0.213) 

3.08 

RI=2.0, TFP-1 0.467 
0.389 

(0.247) 
4.97 0.500 

0.396 
(0.258) 

3.67 

RI=2.0, TFP-1 
Moat wall at 1.00DM 

0.695 
0.432 

(0.311) 
0.81 0.625 

0.444 
(0.327) 

1.78 

RI=2.0, TFP-2 
Moat wall at 1.25DM 

0.640 
0.400 

(0.265) 
0.85 0.592 

0.386 
(0.243) 

1.15 

RI=2.0, TFP-3 0.543 
0.363 

(0.204) 
1.46 0.529 

0.368 
(0.212) 

1.86 
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SECTION 7 

CONCLUSIONS AND DISCUSSION 

It has been shown that seismically isolated structures designed by the minimum criteria of 

ASCE/SEI 7-10 or 7-16 (ASCE, 2010 or 2016) may have unacceptable probabilities of collapse in 

the MCER, whereas comparable non-isolated structures, also designed by the minimum criteria of 

ASCE/SEI 7, have acceptable probabilities of collapse. Improvement of the collapse performance 

is achieved by designing for an RI=1.0 in the DE and providing isolators with stiffening behavior 

and with a displacement capacity at initiation of stiffening equal to 1.5DM and ultimate 

displacement capacity of 1.9DM, where DM is the displacement capacity in the MCER as stipulated 

by the minimum criteria of ASCE/SEI 7. In general, increasing the strength of seismically isolated 

structures (by reducing RI) does not result in improvement of the collapse performance unless the 

displacement capacity of the isolators is proportionally increased. The reason for this behavior is 

that by increasing the strength, inelastic action in the superstructure is delayed so that the isolator 

displacement demand is increased leading to collapse by failure of the isolators. 

The significance of providing isolator displacement restraint through the use of stiffening isolators 

or the use of moat walls was demonstrated by the substantial increase in the probability of collapse 

when the restrainer ring of the isolators was removed and no moat walls were used. For example, 

the probability of collapse in the MCER of the isolated SMF designed by the minimum criteria of 

ASCE/SEI 7-10 and triple FP isolators (TFP-1) was 6.1%. It was 39.9% when the isolator 

restrainer ring was removed and the isolators were converted to double concave with the minimum 

displacement capacity per ASCE/SEI 7-10 (DC-1) (the probabilities were 18.1% and 27.4%, 

respectively, for the SCBF designed by the minimum criteria of ASCE/SEI 7-10).  

The use of moat walls was shown to result in essentially the same collapse behavior as similarly 

designed buildings with triple FP isolators that exhibit stiffening behavior. For example, minimally 

designed SCBF per ASCE/SEI 7-10 (RI=2) had essentially the same probability of collapse in the 

MCER when the minimum size isolator TFP-1 was used (displacement capacity at initiation of 

stiffening equal to DM and ultimate displacement capacity of 1.3DM, where DM is the displacement 

capacity in the MCER as stipulated by the minimum criteria of ASCE/SEI 7) and when a moat wall 

was placed at distance DM or when the moat wall was removed. Use of the moat wall was shown 

to result in essentially the same pushover curves as when stiffening triple FP isolators were used, 

thus explaining the close results on the probability of collapse for the two cases. Increasing the gap 

in moat walls beyond the minimum required distance of DM resulted in reduction of the probability 

of collapse similarly to the use of triple FP isolators of larger displacement capacity at initiation of 
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stiffening. It should be noted that analysis without consideration of the spectral shape effects and 

considering only record-to-record uncertainties (as produced directly by incremental dynamic 

analysis) resulted in substantially larger probabilities of collapse when moat walls were used than 

when stiffening triple FP isolators were used. The differences in the probabilities of collapse 

diminished when the spectral shape effects and uncertainties were considered.   

Moreover, it has been observed that the use of moat walls may improve the collapse performance 

by comparison to comparable designs with stiffening isolators in cases where collapse is 

dominated by failure of the isolators due to excessive displacement demand. This is the case when 

the design utilizes inconsistent combinations of superstructure strength (small RI, say 1.0) and 

minimal displacement capacity isolators (say isolator TFP-1). 

The conclusions of this study in terms of requirements for the superstructure design and the isolator 

displacement capacity to achieve acceptable collapse performance are consistent with the results 

of a similar study conducted for 3-story isolated structures (Shao et al, 2017). 

Nearly all studied isolated structures of whatever design details had higher probabilities of collapse 

than the comparable non-isolated designs (actually all isolated SMF but not all other buildings had 

higher probability of collapse). Given this fact, studies of the performance of the designed isolated 

and non-isolated structures in terms of peak floor acceleration, peak story drift ratio and peak 

residual drift ratio were conducted in order to clarify any advantages offered by seismic isolation. 

These studies showed that isolated structures designed by any design criteria (minimum or 

enhanced) have lower probabilities than comparable non-isolated structures to develop, within a 

lifetime of 50 years, some form of minor damage to non-structural components and building 

contents or to have large enough residual story drift to require demolition. When isolated structures 

are designed by the enhanced criteria of RI=1 in the DE and with stiffening isolators having 

DCapacity=1.5DM and DUltimate=1.9DM, there is substantial reduction of the probabilities to develop 

damage or to require demolition. Best performance was obtained with the enhanced braced frame 

designs (SCBF with RI=1.0 in the DE or OCBF with RI=1.0 in the MCER and isolators with 

DCapacity=1.5DM and DUltimate=1.9DM). These designs had noticeably less probabilities to develop 

minor damage or to require demolition than the isolated moment frames.  Characteristic of the 

braced frame designs was a peak drift ratio of 0.2%, whereas the moment frame designs have a 

drift ratio of 1.5% - a difference of important in controlling damage.  Also, these enhanced braced 

frame designs met the criteria of a standard for continued functionality developed by Zayas et al 

(2017). These enhanced brace frame designs have been shown to exhibit a reduction in 
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effectiveness (in terms of increases in the mean annual probability of exceedance of floor peak 

acceleration) when moat walls were used.   

The study also demonstrated the significance of utilizing restraint in the isolation system to limit 

displacements and prevent collapse of the isolators. The use of stiffening triple FP isolators is one 

of the options available. The other is the use of moat walls. However, the displacement capacity 

of the isolators and the location of the moat wall should be consistent with the superstructure design 

(value of RI). Designs based on the minimum criteria of ASCE/SEI 7 and with a moat wall placed 

at the MCER displacement does not ensure an acceptable probability of collapse. Moreover, the 

lack of any restraint, either in the form of stiffening isolators or moat walls, ensures an 

unacceptable probability of collapse. 

The presented studies were limited to examples of perimeter braced and moment 6-story steel 

frames with sliding isolators at one particular location in California. A study of Shao et al. (2017) 

included similar 3-story braced frames, also with sliding isolators. Neither of the two studies 

considered the effect of vertical ground shaking.  There is a need to extend these studies to taller 

structures and to other structural systems (e.g., concrete space frames) in order to cover a wider 

range of structures of interest in seismic isolation. Moreover, these studies have been limited to 

the analysis of two-dimensional representations of isolated structures, whereas three-dimensional 

representations would have likely resulted in the prediction of higher probabilities of collapse. 

Similarly, consideration of the vertical ground shaking should result in even higher probabilities 

of collapse. 

Nevertheless, the results of these studies clearly show a need to re-visit the ASCE/SEI 7 criteria 

for the design of seismically isolated structures. Ideally, the specified RI factor, the minimum 

displacement capacity of the isolators and the isolator stiffening characteristics should be 

dependent on the seismic force-resisting system. In the absence of such detailed studies, it justified 

to require designs with RI=1.0 and isolators with DCapacity=1.5DM and DUltimate=1.9DM in order to 

ensure acceptable collapse performance for important structures. Such a design also offers 

additional benefits in terms reduction of the probability to develop minor damage to non-structural 

components and the building contents, and in reducing the probability of having to demolish the 

building in its lifetime. These benefits become substantial when additional requirements on drift 

and floor acceleration are imposed, such as the limits of 0.3% or 0.4% on the peak drift and 0.4g 

or 0.6g on the floor spectral acceleration (median in period range of zero to 5sec). An option for 
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achieving this desired performance is to apply the provisions of ASCE/SEI 7-16 (ASCE, 2017) 

together with the criteria of the standard for continued functionality developed by Zayas (2017). 

This may ensure acceptable probabilities of collapse and also sufficiently limit building damage 

to qualify for the Arup (2013) REDi platinum or gold rating on seismic resiliency. 



69 

SECTION 8 

REFERENCES 

American Institute of Steel Construction. (2010). “Steel Construction Manual”, 14th Ed., Third 

Printing. AISC: Chicago, IL. 

Arup. (2013). “Resilience-based Earthquake Design Initiative (REDiTM) Rating System”. Version 

1.0. 

ASCE/SEI 7. (2010). “Minimum Design Loads for Buildings and Other Structures.” American 

Society of Civil Engineers: VA, U.S.A. 

ASCE/SEI 7. (2017). “Minimum Design Loads for Buildings and Other Structures.” American 

Society of Civil Engineers: VA, U.S.A. 

Baker JW, Cornell CA. (2006). “Spectral Shape, Epsilon and Record Selection.” Earthquake 

Engineering and Structural Engineering. 35(9), 1077-1095. 

Baker JW, Jayaram N. (2008). “Correlation of Spectral Acceleration Values from NGA Ground 

Motion Models.” Earthquake Spectra. 24(1), 299-317. 

Baker JW. (2011). “Conditional Mean Spectrum: Tool for Ground-Motion Selection.” Journal of 

Structural Engineering. 137(3), 332-344. 

Baker JW. (2015). “Efficient Analytical Fragility Function Fitting Using Dynamic Structural 

Analysis.” Earthquake Spectra. 31 (1). 579-599. 

Baker JW, Lee C. (2017). “An Improved Algorithm for Selecting Ground Motions to Match a 

Conditional Spectrum.” Journal of Earthquake Engineering. DOI: 

10.1080/13632469.2016.1264334. 

Bao Y, Becker TC, Hamaguchi H. (2016). “Failure of Double Friction Pendulum Bearings under 

Pulse-Type Motions.” Earthquake Engineering and Structural Dynamics, 46(5), 715–732. DOI: 

10.1002/eqe.2827. 



70 

Bojorquez E, Ruiz-Garcia J. (2013). “Residual Drift Demands in Moment-Resisting Steel Frames 

Subjected to Narrow-Band Earthquake Ground Motions.” Earthquake Engineering and Structural 

Dynamics, 42(11), 1583–1598. 

Boore DM, Stewart JP, Seyhan E, Atkinson GM. (2014). NGA-West2 Equations for Predicting 

PGA, PGV, and 5% damped PSA for Shallow Crustal Earthquake.” Earthquake Spectra. 30(3), 

1057-1085.  

Chen CH, Mahin SA. (2012). “Performance-Based Seismic Demands Assessment of 

Concentrically Braced Steel Frame Buildings.” PEER 2012/103, December, Pacific Earthquake 

Engineering Research Center, PEER. 

Chimamphant S., Kasai K. (2016). “Comparative Response and Performance of Base-Isolated and 

Fixed-Base Structures.” Earthquake Engineering and Structural Dynamics, 45(1), 5-27. DOI: 

10.1002/eqe.2612. 

Chopra AK, McKenna F. (2016). “Modeling Viscous Damping in Nonlinear Response History 

Analysis of Buildings for Earthquake Excitation.” Earthquake Engineering and Structural 

Dynamics, 45(2), 193–211. DOI: 10.1002/eqe.2622. 

Elenas A, Meskouris K. (2001). “Correlation Study between Seismic Acceleration Parameters and 

Damage Indices of Structures.” Engineering Structures. 23 (6). 698-704. 

Elkady A, Lignos DG. (2014). “Modeling of the Composite Action in Fully Restrained Beam-to-

Column Connections: Implications in the Seismic Design and Collapse Capacity of Steel Special 

Moment Frames.” Earthquake Engineering and Structural Dynamics, 43(13), 1935-1954. 

Erduran E, Dao ND, Ryan KL. “Comparative Response Assessment of Minimally Compliant Low-

Rise Conventional and Base-Isolated Steel Frames.” Earthquake Engineering and Structural 

Dynamics 2010; 40(10): 1123–1141. 

Executive Order 13717, “Establishing a Federal Earthquake Risk Management Standard.” 

February 2, 2016. 



71 

FEMA. (2000). “Recommended Seismic Design Criteria for New Steel Moment-Frame 

Buildings.” Report FEMA 350, Federal Emergency Management Agency, Washington DC, USA, 

2009. 

FEMA. (2009). “Quantification of Building Seismic Performance Factors.” Report FEMA P695, 

Federal Emergency Management Agency, Washington DC, USA, 2009. 

FEMA. (2012a). “Seismic Performance Assessment of Buildings.” Report FEMA P-58, Federal 

Emergency Management Agency, Washington DC, U.S.A., 2012. 

FEMA. (2012b). “Reducing the Risks of Nonstructural Earthquake Damage – A Practical Guide.” 

Report FEMA E-74, Federal Emergency Management Agency, Washington DC, U.S.A., 2012. 

Fenz DM, Constantinou MC. (2006). “Behaviour of the Double Concave Friction Pendulum 

bearing.” Earthquake Engineering and Structural Dynamics, 35(11), 1403–1424. 

Fenz DM, Constantinou MC. (2008a). “Modeling Triple Friction Pendulum Bearing for Response-

History Analysis.” Earthquake Spectra 2008; 24 (4): 1011-1028. DOI: 

http://dx.doi.org/10.1193/1.2982531. 

Fenz DM, Constantinou MC. (2008b). “Spherical Sliding Isolation Bearings with Adaptive 

Behavior: Theory.” Earthquake Engineering and Structural Dynamics, 37(2), 163–183. 

Field EH, Jordan TH, Cornell CA. (2003). “OpenSHA: Adeveloping Community-Modeling 

Environment for Seismic Hazard Analysis.” Seismological Research Letters, 74 (4), 406-419. 

Filippou FC, Popov EP, Bertero VV. (1983). “Effects of Bond Deterioration on Hysteretic 

Behavior of Reinforced Concrete Joints.” Report EERC 83-19, Earthquake Engineering Research 

Center, University of California, Berkeley. 

Furukawa S, Sato E, Shi Y, Becker T, Nakashima M. (2013). “Full-Scale Shaking Table Test of a 

Base-Isolated Medical Facility Subjected to Vertical Motions.” Earthquake Engineering and 

Structural Dynamics, 42(13), 1931-1949. 



72 

Haselton CB, Baker JW, Liel AB, Deierlein GG. (2011). “Accounting for Ground-Motion Spectral 

Shape Characteristics in Structural Collapse Assessment Through an Adjustment for Epsilon.” 

Journal of Structural Engineering, 137(3), 332-344. 

Hayes J, McCabe SL. Mahoney M. (2017). “ICSSC Recommended Practice (RP) 9. 

Implementation Guidelines for Executive Order 13717: Establishing a Federal Earthquake Risk 

Management Standard.” National Institute of Standards and Technology (NIST) Technical Note 

1922. DOI: https://doi.org/10.6028/NIST.TN.1922. 

Hsiao PC, Lehman DE, Roeder CW. (2012). “Improved Analytical Model for Special 

Concentrically Braced Frames.” ASCE Journal of Constructional Steel Research, 73: 80-94. 

Jalayer F. (2003). “Direct Probabilistic Seismic Analysis: Implementing Non-Linear Dynamic 

Assessments.” PhD Thesis, Stanford University. 

Jayaram N, Lin T, Baker JW. (2011). “A Computationally Efficient Ground-Motion Selection 

Algorithm for Matching a Target Response Spectrum Mean and Variance.” Earthquake Spectra. 

27 (3), 797-815. 

Kikuchi M, Tamura K, Wada A. (1995). “Safety Evaluation of Base-Isolated Structures.” J. Struct. 

Constr. Eng., AIJ, No. 470, 65-73, Apr. (in Japanese). 

Kitayama S, Constantinou MC. (2016). “Probabilistic Collapse Resistance and Residual Drift 

Assessment of Buildings with Fluidic Self-Centering Systems.” Earthquake Engineering and 

Structural Engineering, 45(12), 1935–1953. DOI: 10.1002/eqe.2733. 

Kitayama S, Constantinou MC, Lee D. (2016). “Procedures and Results of Assessment of Seismic 

Performance of Seismically Isolated Electrical Transformers with due Consideration for Vertical 

Isolation and Vertical Ground Motion Effects.” MCEER-16-0010; Multidisciplinary Center for 

Earthquake Engineering Research, Buffalo, NY. 

Kohrangi M, Bazzurro P, Vamvatsikos D, Spillatura A. (2017). Conditional spectrum-based 

ground motion record selection using average spectral acceleration. Earthquake Engineering and 

Structural Engineering, 46 (10), 1667-1685. 



73 

Lignos DG, Krawinkler H. (2011). “Deterioration Modeling of Steel Components in Support of 

Collapse Prediction of Steel Moment Frames under Earthquake Loading.” Journal of Structural 

Engineering, 137(11), 1291–1302. DOI:10.1061/(ASCE)ST.1943-541X.0000376. 

Lin T, Haselton CB, Baker JW. (2013a). “Conditional Spectrum-Based Ground Motion Selection. 

Part I: Hazard Consistency for Risk-Based Assessments.” Earthquake Engineering and Structural 

Engineering, 42 (12), 1847-1865. 

Lin T, Harmsen SC, Baker JW, Luco N. (2013b). Conditional spectrum computation 

incorporating multiple causal earthquakes and ground-motion prediction models. Bulletin of the 

Seismological Society of America, 103 (2A), 1103-1116. 

Masroor A., Mosqueda G. (2015). “Assessing the Collapse Probability of Base-Isolated Buildings 

Considering Pounding to Moat Walls using the FEMA P695 Methodology.” Earthquake Spectra. 

31(4). 2069-2086. 

McCormick J, Aburano H, Ikenaga M, Nakashima M. (2008). “Permissible Residual Deformation 

Levels for Building Structures Considering both Safety and Human Elements.” Proceedings of the 

14th World Conference on Earthquake Engineering. Auckland New Zealand, Paper number 2421. 

McKenna FT. (1997). “Object-Oriented Finite Element Programming: Frameworks for Analysis, 

Algorithms and Parallel Computing.” Ph.D. Thesis. Department of Civil and Environmental 

Engineering, University of California, Berkeley. 

McVitty WJ, Constantinou MC. (2015). “Property Modification Factors for Seismic Isolators: 

Design Guidance for Buildings.” MCEER-15-0005, Multidisciplinary Center for Earthquake 

Engineering Research, Buffalo, NY.  

Nakazawa N, Kishiki S, Qu Z, Miyoshi A, Wada A. (2011). “Fundamental Study on Probabilistic 

Evaluation of the Ultimate State of Base Isolated Structures.” 8CUEE Conference Proceedings, 

8th International Conference on Urban Earthquake Engineering, March 7-8, 2011, Tokyo Institute 

of Technology, Tokyo, Japan. 

Neter J, Kutner M, Wasserman W, Nachtsheim C. (1996). Applied linear statistical models, 4th 

edition, McGraw-Hill/Irwin. 



74 

NIST. (2010). “Evaluation of the FEMA P-695 Methodology for Quantification of Building 

Seismic Performance Factors.” NIST GCR 10-917-8. Technical Report, prepared by the NEHRP 

Consultants Joint Venture for the National Institute of Standards and Technology: Gaithersburg, 

Maryland. 

NIST. (2011). “Selecting and Scaling Earthquake Ground Motions for Performing Response-

History Analysis.” NIST GCR 11-917-15. Technical Report, prepared by the NEHRP Consultants 

Joint Venture for the National Institute of Standards and Technology: Gaithersburg, Maryland. 

Ponzo FC, Cesare AD, Leccese G, Nigro D. (2017). “Shake Table Testing on Restoring Capability 

of Double Concave Friction Pendulum Seismic Isolation Systems.” Earthquake Engineering and 

Structural Dynamics. 46 (14). DOI: 10.1002/eqe.2907. 

Ryu KP, Reinhorn AM. (2017) “Experimental Study of Large Area Suspended Ceilings.” Journal 

of Earthquake Engineering. DOI: 10.1080/13632469.2017.1342294 

Sabelli R, Roeder CW, Hajjar JF. (2013). “Seismic Design of Steel Special Concentrically Braced 

Frame Systems – A guide for Practicing Engineers.” NEHRP Seismic Design Technical Brief No. 

8, NIST GCR 13-917-24. 

Sarlis AA, Constantinou MC. (2011). “Modeling Triple Friction Pendulum Isolators in Program 

SAP2000.” Personal communication. 

Sarlis AA, Constantinou MC. (2016). “A Model of Triple Friction Pendulum Bearing for General 

Geometric and Frictional Parameters.” Earthquake Engineering and Structural Dynamics, 45 (11): 

1837-1853. DOI: 10.1002/eqe.2738. 

Sayani PJ, Erduran E, Ryan KL. “Comparative Response Assessment of Minimally Compliant 

Low-Rise Base-Isolated and Conventional Steel Moment-Resisting Frame Buildings.” Journal of 

Structural Engineering, 137(10), 1118-1131. 

Shao B, Mahin SA, Zayas V. (2017). “Member Capacity Factors for Seismic Isolators as Required 

to Limit Isolated Structure Collapse Risks to within ASCE 7 Stipulated Structure Collapse Risk 

Limits.” Project draft report. Structural Engineering, Mechanics and Materials Department of 

Civil and Environmental Engineering University of California, Berkeley June 24, 2017. 



75 

Shinozuka M, Feng MQ, Lee J, Naganuma T. (2000). “Statistical Analysis of Fragility Curves.” 

Journal of Engineering Mechanics. 126 (12). 1224-1231. 

Soroushian S, Maragakis EM, Jenkins C. (2015a). “Capacity Evaluation of Suspended Ceiling 

Components, Part 1: Experimental studies.” Journal of Earthquake Engineering. 19 (5). 784-804. 

Soroushian S, Zaghi AE, Maragakis EM, Echevarria A, Tian Y, Filiatrault A. (2015b). “Seismic 

Fragility Study of Fire Sprinkler Piping Systems with Grooved Fit Joints”. Journal of Structural 

Engineering, 141(6), 04014157. 

Structural Engineers Association of California. (2012). “SEAOC Structural/Seismic Design 

Manual. Volume 5: Examples for Seismically Isolated Buildings and Buildings with Supplemental 

Damping.” Published January 2014. 

Terzic V, Mahin SA, Comerio MC. (2012). “Lifecycle Cost Comparisons for Different Structural 

Systems Designed for the Same Location.” Proceedings of the 10th National Conference in 

Earthquake Engineering, Earthquake Engineering Research Institute, Anchorage, AK. 

Uriz P, Mahin SA. (2008). “Toward Earthquake-Resistant Design of Concentrically Braced Steel-

Frame Structures.” PEER 2008/08, November 2008, Pacific Earthquake Engineering Research 

Center, PEER. 

Vamvatsikos D, Cornell CA. (2002). “Incremental Dynamic Analysis.” Earthquake Engineering 

and Structural Dynamics, 31(3), 491–514. 

Zayas V, Mahin SA, Constantinou MC. (2017). Seismic Isolation Standard for Continued 

Functionality. Department of Civil and Environmental Engineering, University of California, 

Berkeley, https://goo.gl/h82Fnk . 

Zayas V, Mahin SA, Constantinou MC. (2017). Commentary to the Seismic Isolation Standard for 

Continued Functionality. Department of Civil and Environmental Engineering, University of 

California, Berkeley, https://goo.gl/r6sdwL . 



76 



77 

APPENDIX A 

PROCEDURE FOR CALCULATING THE MEDIAN COLLAPSE SPECTRAL 

ACCELERATION WHEN CONSIDERING SPECTRAL SHAPE EFFECTS 

The procedure involves the following steps: 

1. Obtain the target epsilon ̅ , magnitude M, and distance R from de-aggregation of

the ground motion hazard (probabilistic seismic hazard analysis) for the specific location

of the structure (longitude and latitude), site class (average shear-wave velocity Vs30=259

m/sec for class D), spectral period and return period. The return period of 2475 years

(corresponding to a probability of exceedance of 2% in 50 years) is used based on

Haselton et al (2011) because the primary purpose of collapse evaluation is to compute

the conditional collapse probability for a 2% in 50 years ground motion. Information was

obtained from the USGS website (https://earthquake.usgs.gov/hazards/interactive/

accessed on July 16, 2017) where results of de-aggregation for period of 0.2, 1.0 and 2.0

second were available. Linear interpolation and extrapolation in logarithmic space of the

seismic hazard curves (annual frequency of exceedance vs spectral acceleration) was

used for other values of period (T1=0.524sec for non-isolated SCBF, T1=1.186sec for

non-isolated SMF and T1=TM =3.66sec for all isolated structures).

2. Perform incremental dynamic analysis (IDA) (Vamvatsikos and Cornell, 2012) (for this

study the 44 ground motions of FEMA P695) to obtain the collapse capacity in terms of

the spectral acceleration at fundamental period T1 at collapse for each ground motion,

SaCol,j(T1) (TM in case of base-isolated structures and j is the identification number for the

ground motions;  j = 1 to 44).

3. Calculate epsilon at T1, j(T1) for the jth ground motion (j=1 to 44), defined as the number

of standard deviations by which the natural logarithm of Saj(T1), ln[Saj(T1)], differs from

the mean predicted ln[Sa(T1)] for a given magnitude and distance (Baker, 2011):

, ,
(A-1) 
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In Equation (A-1), lnSa(M,R,T1) is the predicted mean of ln[Sa(T1)] at a given magnitude 

M, distance R and period T1, and lnSa(T1) is the predicted standard deviation of ln[Sa(T1)] 

at a given M, R and T1. Note that lnSa(M,R,T1) and lnSa(T1) are obtained from any 

ground motion prediction model (herein the model of Abrahamson and Silva, 1997 was 

used, which was also used by Haselton et al, 2011). Quantity ln[Saj(T1)] in Equation (A-1) 

is the natural logarithm of the spectral acceleration at T1 of each of 44 original (before 

scaling) ground motions. 

4. Perform a linear regression analysis between ln[SaCol,j(T1)] and j(T1) and determine

parameters c0 and c1 based on the following equation:

ln 	 ∙ (A-2) 

Note that based on Appendix B of FEMA (2009), for establishing a relationship between 

the ln[SaCol(T1)] and (T1), the p-value (Neter et al, 1996) must be less than 0.05 for the 

trend to be statistically defensible.  

5. Replace (T1) with ̅  in Equation (A-2) and solve to obtain the adjusted mean

collapse capacity, , :

, 	 	 exp ∙ ̅ (A-3) 

The record-to-record dispersion coefficient, RTR, is calculated as the standard deviation 

of the natural logarithm of SaColj(T1) of the 44 motions without any further adjustment. 

Note that Haselton et al (2011) described a procedure for further reduction of the 

dispersion using the residuals of the regression analysis but the effect was found to be 

insignificant in this study and was not included in the presented results. 

Values of the target epsilon ̅ , magnitude M and distance R for return period of 2475 years 

obtained by de-aggregation of the seismic hazard are presented in Table A-1.  
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Table A-1 Values of ̅ , M and R for Considered Site and 2475 Years Return Period 

̅  M R(km) 

Isolated 1.44 7.96 16.0 

Non-isolated (SCBF) 1.46 7.35 16.0 

Non-isolated (SMF) 1.71 7.63 16.0 

Using the ground motion prediction model of Abrahamson and Silva (1997) the median 

5%-damped response spectra were constructed for isolated and non-isolated structures and are 

presented in Figure A-1 together with the spectra of the 44 ground motions used in the IDA. 

Program OpenSHA (Field et al, 2003) was used to construct the spectra using the Abrahamson 

and Silva prediction model. The same model also predicted the standard deviation, which is 

presented in Figure A-2. The standard deviation is the same for the isolated and non-isolated 

structures. 

Figure A-1 Response Spectra of FEMA Far-Field Motions and Predicted Median Spectra 
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Figure A-2 Standard Deviation of Natural Logarithm of Spectral Acceleration 

The values of j(T1) for each of the 44 ground motions (j=1 to 44) for the isolated and 

non-isolated structures where then calculated by use of Equation (A-1) and are presented in 

Figure A-3 for the case of the SCBF where it is seen that the values of epsilon are higher for the 

non-isolated structure. 

Figure A-3 Calculated Values of j(T1) for Each of 44 Ground Motions (Isolated SCBF: RI=1.0 

(DE), TFP-1) 
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also present the fitted linear regression model of Equation (A-2) for each case. The calculated 

p-values (Neter et al, 1996) were less than 10-3, thus statistically meaningful (less than 0.05).

Also, Figures A-5 to A-7 compare the relationships between ln[SaCol,j(T1)] and j(T1) for the

analyzed isolated SCBF buildings with and without moat walls.

Isolated SCBF structure (TFP-1, RI=1.0 in DE) Isolated SMF structure (TFP-1, RI=1.0 in DE) 

Isolated SCBF structure (TFP-2, RI=1.0 in DE) Isolated SMF structure (TFP-2, RI=1.0 in DE) 

Figure A-4 Relationship between ln[SaCol,j(T1)] and j(T1) for Buildings without Moat Wall 
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Isolated SCBF structure (TFP-3, RI=1.0 in DE) Isolated SMF structure (TFP-3, RI=1.0 in DE) 

Isolated SCBF structure (TFP-3, RI=1.0 in DE, Upper 

Bound) 

Isolated SMF structure (TFP-3, RI=1.0 in DE, 

Upper Bound) 

Figure A-4 Continued 
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Isolated SCBF structure (TFP-1, RI=1.5 in DE) Isolated SMF structure (TFP-1, RI=1.5 in DE) 

Isolated SCBF structure (TFP-2, RI=1.5 in DE) Isolated SMF structure (TFP-2, RI=1.5 in DE) 

Figure A-4 Continued 
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Isolated SCBF structure (TFP-3, RI=1.5 in DE) Isolated SMF structure (TFP-3, RI=1.5 in DE) 

Isolated SCBF structure (TFP-1, RI=2.0 in DE) Isolated SMF structure (TFP-1, RI=2.0 in DE) 

Figure A-4 Continued 
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Isolated SCBF structure (TFP-2, RI=2.0 in DE) Isolated SMF structure (TFP-2, RI=2.0 in DE) 

Isolated SCBF structure (TFP-3, RI=2.0 in DE) Isolated SMF structure (TFP-3, RI=2.0 in DE) 

Figure A-4 Continued 
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Isolated SCBF structure (RI=2.0, DC-1 

no restraining ring) 

Isolated SMF structure (RI=2.0, DC-1 

no restraining ring) 

Isolated SCBF structure (RI=2.0, DC-2 

no restraining ring) 

Isolated SMF structure (RI=2.0, DC-2 

no restraining ring) 

Figure A-4 Continued 
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Isolated SCBF structure (Non-Isolated) Isolated SMF structure (Non-Isolated) 

 

 

 

 

Isolated SCBF structure (TFP-1, RI=1.0 in MCER) Isolated SMF structure (TFP-1, RI=1.0 in MCER) 

 

Figure A-4 Continued 
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Isolated SCBF structure (TFP-2, RI=1.0 in MCER) Isolated SMF structure (TFP-2, RI=1.0 in MCER) 

Isolated SCBF structure (TFP-3, RI=1.0 in MCER) Isolated SMF structure (TFP-3, RI=1.0 in MCER) 

Figure A-4 Continued 
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Isolated SCBF structure (TFP-1, RI=2.0 in MCER) Isolated SMF structure (TFP-1, RI=2.0 in MCER) 

Isolated SCBF structure (TFP-2, RI=2.0 in MCER) Isolated SMF structure (TFP-2, RI=2.0 in MCER) 

Figure A-4 Continued 
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Isolated SCBF structure (TFP-3, RI=2.0 in MCER) Isolated SMF structure (TFP-3, RI=2.0 in MCER) 

Isolated OCBF structure (TFP-2, RI=1.0 in MCER) Isolated OCBF structure (TFP-3, RI=1.0 in MCER) 

Figure A-4 Continued 
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Figure A-5 Relationship between ln[SaCol,j(T1)] and j(T1) for Isolated Buildings with SCBF 

Designed for RI=2.0 per ASCE/SEI 7-10 and Isolator TFP-1 (DCapacity=20.4in, DUltimate=26.9inch) 

with and without Moat Wall 
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Figure A-6 Relationship between ln[SaCol,j(T1)] and j(T1) for Isolated Buildings with SCBF 

Designed for RI=2.0 and Isolator TFP-1 (DCapacity=20.4in, DUltimate=26.9inch) or Isolator TFP-2 

(DCapacity=26.1in, DUltimate=32.6inch) with and without Moat Wall 
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Figure A-7 Relationship between ln[SaCol,j(T1)] and j(T1) for Isolated Buildings with SCBF 

Designed for RI=1.0 per ASCE/SEI 7-10 and Isolator TFP-3 (DCapacity=31.8in, DUltimate=38.3inch) 

with and without Moat Wall 
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APPENDIX B 

PROCEDURE FOR THE PROBABILISTIC SEISMIC PERFORMANCE ASSESSMENT 

The procedure involves the following steps: 

1. Obtain magnitude M and distance R from de-aggregation of the ground motion hazard for

the specific location of the structure (longitude and latitude), site class (Vs30), spectral

period and selected return period. This step is identical to step 1 of Appendix A but there

are several return periods. Obtain the seismic hazard curves for each building period T1.

Obtain the spectral acceleration Sa(T1) for each of the return periods selected. In this work

the return periods of 43, 144, 289, 475, 949, 1485, 2475, 3899, 7462 and 10000 years

were selected (corresponding to the probabilities of exceedance ranging from 50% in 30

years to 2% in 200 years).

2. Construct a Conditional Mean Spectrum (CMS) (Baker, 2011) for each of the selected

return periods using a ground motion predictive model. In this work, the model of Boore

et al. (2014) was used in conjunction with Baker and Jayaram (2008).

3. Select and scale ground motions to match the target Conditional Spectra (CS) for each

hazard level. Note that CS includes conditional standard deviation in addition to

conditional mean (CMS). In this work 40 motions (one directional as the analysis is for

plane frames) were selected and scaled.  For this purpose, publicly available computer

programs can be used (e.g., Jayaram et al, 2011; Baker and Lee, 2017). Check that the

selected ground motions are consistent with the seismic hazard curves at the relevant

periods (Lin et al., 2013a). For the evaluation of the “hazard consistency” of the selected

ground motions, the rate of exceedance of Sa(T) implied by the ground motions selected

conditional on Sa(T1) is calculated by the following equation (Lin et al, 2013a):

∑ |     (B-1) 

In this equation, n is the number of considered Sa(T1) amplitudes and P(Sa(T)>y|Sa(T1)=xi) 

is the probability that a ground motion selected and scaled to have Sa(T1)=xi has an 

spectral acceleration at period T that is greater than y. Here this probability is estimated as 
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the fraction of the 40 ground motions with Sa(T1)=xi that have Sa(T)>y. The calculated 

rate of exceedance (Sa(T)>y) is compared with the seismic hazard curve. If the selected 

ground motion does not satisfy the hazard consistency criteria, the selection of motions is 

repeated based on NIST (2011) and Lin et al. (2013a).  

4. Conduct seismic response analysis and calculate Engineering Response Parameters 

(EDP) of interest (in this study EDP are the maximum story drift ratio, the maximum 

residual story drift ratio and the maximum floor and roof accelerations). The mean annual 

rate of EDP exceeding y, (EDP>y), is then calculated. This is mathematically expressed 

as: 

EDP ∑ |        (B-2) 

 

where P(EDP>y|Sa(T1)=xi) is the probability of EDP exceeding y given a ground motion 

with Sa(T1)=xi and seismic hazard curve . 

 

The seismic hazard curves are shown in Figure B-1 for building period T1 equal to 0.524, 1.186 

and 3.660 seconds. The mean causal earthquake magnitude M and distance R for the location of 

the building and for Vs30=259 m/sec were obtained for the selected values of return period and 

are shown in Figure B-2. 

 

 
 

Figure B-1 Seismic Hazard Curves for T1=0.524, 1.186 and 3.660 Seconds 
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Figure B-2 Mean Causal Earthquake Magnitude M and Distance R as Function of Return Period 

Conditional mean spectra for each of the three periods T1 are presented in Figure B-3. Note that 

there are 10 spectra, one for each of the considered return periods.   
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Figure B-3 Conditional Mean Spectra for Return Period of 43, 144, 289, 475, 949, 1485, 2475, 

3899, 7462 and 10000 Year and for Building Period T1=0.524, 1.186 and 3.660 Second 

The algorithm developed by Baker and Lee (2017) were used for the selection and scaling of 

ground motions. Forty ground motions were selected and scaled for each return period (total 

1200 different ground motions for the three building period cases). Scaling was only in 

amplitude with a maximum scale factor of 5. Figures B-4 to B-13present the response spectra of 

40 scaled ground motions for each of the 10 return periods, their mean values and the mean 

values ± two standard deviations (mean±2σ). The graphs also show the target CMS and the 
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CMS±2σ. 

Figure B-4 Spectra of Scaled Motions and Conditional Spectra for Return Period of 43 Years and 

Period T1 Equal to 0.524, 1.186 and 3.660 Seconds 
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Figure B-5 Spectra of Scaled Motions and Conditional Spectra for Return Period of 144 Years 

and Period T1 Equal to 0.524, 1.186 and 3.660 Seconds 
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Figure B-6 Spectra of Scaled Motions and Conditional Spectra for Return Period of 289 Years 

and Period T1 Equal to 0.524, 1.186 and 3.660 Seconds 
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Figure B-7 Spectra of Scaled Motions and Conditional Spectra for Return Period of 475 Years 

and Period T1 Equal to 0.524, 1.186 and 3.660 Seconds 
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Figure B-8 Spectra of Scaled Motions and Conditional Spectra for Return Period of 949 Years 

and Period T1 Equal to 0.524, 1.186 and 3.660 Seconds 
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Figure B-9 Spectra of Scaled Motions and Conditional Spectra for Return Period of 1485 Years 

and Period T1 Equal to 0.524, 1.186 and 3.660 Seconds 
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Figure B-10 Spectra of Scaled Motions and Conditional Spectra for Return Period of 2475 Years 

and Period T1 Equal to 0.524, 1.186 and 3.660 Seconds 
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Figure B-11 Spectra of Scaled Motions and Conditional Spectra for Return Period of 3899 Years 

and Period T1 Equal to 0.524, 1.186 and 3.660 Seconds 
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Figure B-12 Spectra of Scaled Motions and Conditional Spectra for Return Period of 7462 Years 

and Period T1 Equal to 0.524, 1.186 and 3.660 Seconds 
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Figure B-13 Spectra of Scaled Motions and Conditional Spectra for Return Period of 10000 

Years and Period T1 Equal to 0.524, 1.186 and 3.660 Seconds 
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The selected and scaled ground motions used for the probabilistic evaluation must be 

representative of those that would be experienced in the future (Kohrangi et al, 2017). To ensure 

this the selected motions are evaluated for “hazard consistency”.  For the evaluation the rate of 

exceedance of Sa(T) by the selected ground motions, conditional on Sa(T1), is calculated by the 

following equation (NIST, 2011; Lin et al., 2013a): 

∑ | (B-3) 

In Equation (B-3) n is the number of considered Sa(T1) amplitudes.  Also, P(Sa(T)>y|Sa(T1)=xi) 

is the probability that a ground motion selected and scaled to have Sa(T1)=xi has a spectral 

acceleration at period T that is greater than y. This probability was estimated as the fraction of 

the 40 ground motions with Sa(T1)=xi that have Sa(T)>y. Note that  can be 

calculated as follows (NIST, 2011; Lin et al., 2013a): 

(B-4) 

For the hazard consistency, the calculated rate of exceedance (Sa(T)>y) as function of Sa(T1) is 

compared with the seismic hazard curve obtained for the site from USGS 

(https://earthquake.usgs.gov/hazards/interactive/), with the two curves expected to be in close 

agreement. If the curves are not sufficiently close, the selected ground motions are assumed to 

violate hazard consistency and the process is re-started with new motions.   

Figure B-14 compares the rates of exceedance with the seismic hazard curves obtained from the 

USGS website (https://earthquake.usgs.gov/hazards/interactive/) for the three values of period T1 

corresponding to the considered isolated structures (T1=TM=3.66sec), the non-isolated SMF 

structure (T1=1.866sec) and the non-isolated SCBF structure (T1=0.524sec). The seismic hazard 

curves in Figure B-14 were constructed for different periods T depending on the structure 

analyzed.  Specifically, for the case of the seismically isolated structures (Fig. B-14(a)), the 

three periods were T=3.66, 0.989 and 0.377seconds. The periods are the fundamental period 

(=3.66sec), the second period for the case of the isolated SMF (=0.989sec) and the second period 

for the case of the isolated SCBF (=0.377sec) obtained by modal analysis for the frames 

designed with RI=1.5 and with the isolators represented by the effective properties in the MCER. 

(The second and third period values for the isolated frames designed for RI=1.0 and 2.0 were 

within 10% of period values in the curves of Figure B-14). The curves in Figure B-14(b) apply 

for the case of the non-isolated SMF building. The three values of period T are the fundamental 
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(1.186sec), the second period (0.437sec) and a value twice the fundamental period (2T=2.372sec). 

Similarly, the curves in Figure B-14(c) apply for the case of the non-isolated SCBF building, 

with the three values of period T being the fundamental (0.524sec), the second period (0.195sec) 

and a value twice the fundamental period (2T=1.048sec).) Note that these ranges of period are 

examined because the goal of the analysis is to compute values of the maximum story drift ratio, 

the residual story drift ratio and the peak floor acceleration which are sensitive to motions of 

different frequency content. The shorter periods are examined because the peak floor 

acceleration is sensitive to motions of large frequencies (short period). The longer periods (2T 

values) are examined because the maximum story drift and the residual story drift are sensitive to 

motions containing components with large periods that may be close to the lengthened period of 

the analyzed buildings when they undergo inelastic action in strong ground motions (NIST, 2011; 

Lin et al., 2013a).  

The computed curves for the mean annual rate of exceedance for the selected ground motions are 

in good agreement with the seismic hazard curves obtained from USGS for the site except for the 

case of the isolated structures (Fig. B-14(a)) and for the lower periods (T=0.377 and 0.989sec). 

In these cases the computed rates are less than those of the seismic hazard curves, suggesting that 

the computed mean annual frequencies of exceedance for the floor accelerations of the isolated 

buildings are somehow underestimated (as they are affected by motions with low period content). 

Nonetheless, the selection of ground motions was deemed acceptable given that the fidelity of 

the computed curves for the mean annual rate of exceedance of the selected ground motions (as 

compared to the seismic hazard curves obtained from USGS) was comparable to those presented 

in other studies (NIST, 2011; Lin et al, 2013a; Kohrangi et al, 2017).  
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(a) (b) 

(c) 

Figure B-14 Comparison of Calculated Mean Annual Frequency Rates Based on Selected 

Ground Motions (Solid Lines) and USGS Seismic Hazard Curves Dashed Lines) for (a) Isolated 

Buildings, (b) Non-isolated SMF Building and (c) Non-isolated SCBF Building  
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