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Building damage after an earthquake, or other hazard event, can interrupt 4 

businesses, displace households, and significantly disrupt a community for 5 

years. As a result, policymakers and engineers are working towards new design 6 

guidelines and policies that reduce the vulnerability of the built environment 7 

through improved building functional recovery performance. This study 8 

proposes a method for assessing the post-earthquake building performance 9 

states of function and reoccupancy within the architecture of performance-10 

based earthquake engineering, targeted at U.S. construction, and making use of 11 

FEMA P-58 fragility and consequence models. This is accomplished by 12 

mapping component damage states to systems-level operational performance, 13 

and then to building-level performance states, through a series of fault trees. 14 

The study also proposes a repair scheduling algorithm to estimate the time taken 15 

to restore a building reoccupancy or function, considering impeding factors that 16 

delay the start of repairs. The result is a probabilistic approach that extends the 17 

performance-based engineering framework to explicitly quantify post-18 

earthquake building function performance states, thus facilitating design and 19 

mitigation decisions for recovery-based performance objectives. 20 

INTRODUCTION 21 

Earthquakes, such as those in Loma Prieta (CA, 1989), Northridge (CA, 1994), and 22 

Christchurch (New Zealand, 2010/2011), have shown that modern seismic design codes for 23 

buildings generally meet life-safety goals. However, these same events have also demonstrated 24 

that modern standards may provide little protection against extensive damage that can lead to 25 

loss of use (Porter, 2016a). Indeed, damage to buildings and infrastructure in these same 26 

earthquakes significantly interrupted businesses, displaced families, and disrupted community 27 

economies and life for years after the earthquakes (Comerio, 2000; Mieler & Mitrani-Reiser, 28 

2017). Experiences from other types of hazards, including hurricanes and wildfires, have 29 
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similarly demonstrated the long-term community impacts of extensive building damage (Miles 30 

& Chang, 2011), which disproportionately affect small businesses, and lower-income and 31 

minority residents (Kroll et al., 1991; Blaikie et al., 1994; Tierney and Dahlhamer, 1998; 32 

Alesch and Holly, 1998; Chang and Falit-Baiamonte, 2003; Van de Lindt et al., 2020).  33 

Growing awareness of earthquakes’ long-term implications for community resilience has 34 

motivated a paradigm shift in building design that involves moving beyond minimum 35 

requirements for life-safety to consider damage control and recovery of building function. For 36 

a building, functional recovery “means it is ready to support most of its pre-earthquake uses in 37 

addition to reoccupancy” (NIST & FEMA 2021; Sattar et al. 2020). To date, much of the work 38 

on functional recovery has focused on defining the concept of functional recovery and 39 

identifying factors that influence post-earthquake building function and recovery (e.g., NIST, 40 

2018; EERI, 2019; Sattar et al., 2020; California Legislature, 2021; NIST & FEMA, 2021). 41 

This paper proposes a method for operationalizing and quantifying building functional 42 

recovery for individual buildings, as a function of shaking intensity, building response, 43 

component damage, and building occupancy. The proposed method fits within the architecture 44 

of performance-based earthquake engineering (e.g., Porter, 2003; Deierlein & Moehle, 2004), 45 

adopting fragility and consequence models from FEMA P-58 (2012; 2018) to quantify damage 46 

to structural and nonstructural components within the building. The proposed method groups 47 

component damage into building systems (e.g., cladding, plumbing, electrical, etc.) and uses 48 

fault trees (e.g., Fussell et al., 1974) to define explicit relationships between component 49 

damage, system operation, and building function at the tenant-unit level, based on the physical 50 

characteristics of each system and component. The paper also develops a new set of impeding 51 

factors and repair scheduling algorithm to quantify the recovery of function over time.  52 

DEFINITION OF FUNCTIONAL RECOVERY TERMS 53 

Three building performance states are tracked in the proposed method: reoccupancy, 54 

function, and full repair (Bonowitz, 2011).  55 

• Building reoccupancy is a building performance state that indicates the building is safe 56 

enough to be used for shelter (e.g., SPUR, 2012; Almufti and Willford, 2013; FEMA, 57 

2019), meaning that, although it may lack critical systems that hinder function, it is 58 

habitable and safe.  59 

• Building function is a building performance state that indicates that a building can be 60 

used for its “basic intended functions”. According to the report submitted to Congress 61 



 

 

by the National Institutes of Standards and Technology (NIST) and the Federal 62 

Emergency Management Agency (FEMA), “Basic intended functions are less than full 63 

pre-earthquake functionality, but more than what would be considered the minimum 64 

sufficient for reoccupancy of buildings, or for temporary provision of lifeline 65 

services.” For example, a “factory is ready to get back to business but might have 66 

reduced production capacity” (NIST & FEMA, 2021); this capacity can vary 67 

depending on a building’s occupancy or use case, e.g., patient waiting times in 68 

hospitals (Cimellaro & Piqué, 2016), or the floor area of usable space in an office 69 

building (Mitrani-Reiser et al., 2012).  70 

• Building full repair is a building performance state that indicates all repairs are 71 

complete, including the repair of items not required for reoccupancy or function. 72 

Recovery time refers to the time it takes to achieve a desired performance state after the 73 

disaster occurs (e.g., Almufti and Willford, 2013; EERI, 2019; FEMA, 2019; NIST & FEMA, 74 

2021). The recovery time includes the time taken to make repairs, including any factors that 75 

delays the start of those repairs; the latter are referred to as impeding factors (Almufti, 2013). 76 

Accordingly, the recovery trajectory quantifies the level of building performance throughout 77 

the recovery time (e.g., Bruneau et al., 2003; Jacques et al., 2014; Burton et al., 2015; Mieler 78 

et al., 2016; Lin & Wang, 2017a), as illustrated in Figure 1. Thus, functional recovery is the 79 

combination of both the building’s level of function—based on damage—and the building’s 80 

recovery, and defines the time needed to achieve the building function performance state.  81 

FUNCTIONAL RECOVERY: STATE OF ART AND PRACTICE  82 

THE NEED TO DESIGN BEYOND LIFE SAFETY 83 

Since the adoption of the first seismic design codes in the early 20th century, engineers 84 

have focused on improving the performance of buildings to withstand collapse and protect life-85 

safety; consequently, casualty risk has generally reduced with the evolution of seismic building 86 

codes (Spence et al., 2011). However, it is also evident that designing buildings to protect life 87 

safety does not necessarily ensure adequate post-earthquake functional recovery. After the 88 

1989 Loma Prieta (CA) Earthquake, for example, it took up to 10 years to repair damaged 89 

schools, housing, and highways, resulting in the permanent closure of many buildings 90 

(Comerio, 2006; 2014); on the Stanford University campus alone, 25 buildings were closed for 91 

up to three years, and two percent of campus space was permanently closed (Comerio, 2006). 92 

Due to damage from the 1995 Kobe (Japan) Earthquake, the region’s population dropped by 93 



 

 

2.5%, and the city lost 10% of its businesses, with an especially large impact on smaller 94 

businesses. It took over 10 years for the region to return to its pre-earthquake population 95 

(Chang 1996; 2010). After the 2011 Canterbury (New Zealand) Earthquake sequence, 96 

Christchurch’s central business district remained closed for over two years, and 11% of the 97 

city's businesses permanently closed (Mieler et al., 2016). Analytical studies have also reached 98 

similar conclusions. Among others, Molina Hutt et al. (2019) and Liel and Deierlein (2013) 99 

showed that modern seismic design of steel and reinforced concrete moment frames has 100 

significantly reduced collapse risk relative to older designs, but only modestly reduced damage 101 

and economic losses. As a consequence, based on California data, Porter (2016b) estimated 102 

that, in an earthquake, for every collapsed building, there are about 63 buildings with impeded 103 

occupancy (indicated by a red or yellow tag). Given this ratio, Porter (2016b) projected that - 104 

without changes for functional recovery - 24% of households in San Francisco would be 105 

displaced by a hypothetical future magnitude 7.0 earthquake on the Hayward fault.  106 

 107 
Figure 1. Illustration of a building’s recovery trajectories for the building function performance state. 108 
Steps in the recovery trajectory coincide with repairs to various building systems that lead to recovery 109 

of function in one or more tenant units within the building. 110 

Yet, the idea that buildings codes do not define requirements to limit damage and ensure 111 

recovery runs counter to public expectations. Davis & Porter (2016) surveyed around 500 112 

adults in high seismic areas of the U.S, showing a significant fraction of those surveyed already 113 

believe that new buildings are designed to be occupiable and functional after earthquakes. A 114 

majority also indicated they would prefer occupiable and functional building performance 115 

targets, compared to the status quo, even if it resulted in increased construction and rental costs.  116 

RECENT POLICY SHIFT TOWARDS FUNCTIONAL RECOVERY  117 

Goals of enhancing community resilience through improved post-earthquake building 118 

functional recovery have motivated recent state and federal policy. As part of Congress’ 2018 119 



 

 

National Earthquake Hazards Reduction Program reauthorization, NIST was tasked to identify 120 

research needs and implementation activities that would improve building functional recovery 121 

(NIST, 2018). NIST identified four primary topics, encompassing building design, community 122 

considerations, economic and social considerations, and adoption considerations, and outlined 123 

potential frameworks for integrating functional recovery objectives into building codes. 124 

Around this time, the Earthquake Engineering Research Institute (EERI) also developed a 125 

framework that conceptually outlines implementation strategies to promote building designs 126 

with better functional recovery performance (EERI, 2019). 127 

More recently, NIST and FEMA produced a report to Congress which outlines the need for 128 

functional recovery design and provides recommendations on how state and local agencies 129 

might implement such requirements to improve community resilience (NIST & FEMA, 2021). 130 

The report proposed a framework to extend building codes to assign target functional recovery 131 

objectives under the design-level ground motion for buildings, accounting for occupancy and 132 

importance to community function. The report also discusses several possible implementation 133 

strategies, from mandatory to incentivized voluntary adoption.  134 

 Following from these substantial developments from NIST and FEMA, California also 135 

pursued the direction of more resilient design for functional recovery. The California Assembly 136 

introduced legislation in early 2021 (California Legislature AB-1329, 2021) to require the next 137 

edition of the California Building Code to “require buildings to be designed and built to a 138 

functional recovery standard for earthquake loads.”  139 

QUANTITATIVE ASSESSMENTS OF POST-EARTHQUAKE BUILDING FUNCTION 140 

Despite recent policy initiatives, there is significant uncertainty regarding the analytical 141 

quantification of building functional recovery. This section reviews existing data and methods.  142 

Data on Post-Earthquake Building Function from Past Earthquakes 143 
There are limited empirical data on post-earthquake building function. Among the data that 144 

has been collected, Comerio & Blecher (2010) investigated reported downtimes from around 145 

5,000 red- and yellow-tagged wood residential buildings that were damaged by the Northridge 146 

and Loma Prieta (CA) Earthquakes. On average, it took about two years to full repairs for these 147 

buildings; the data did not report times for regaining building function or reoccupancy. 148 

Likewise, Eguchi & Chang (1996) surveyed owners and tenants of damaged buildings one 149 

year after the Northridge Earthquake. From the 61 survey responses, the authors showed that 150 

9% of buildings with minor damage, and 50% of buildings with moderate damage experienced 151 



 

 

an initial loss of building function following the earthquake. Loss of building function was 152 

attributed to factors including structural damage, yellow tags, other hazards (e.g., asbestos), 153 

nonstructural damage, and damage to tenant contents. Some owners reported some partial level 154 

of building function during the repair. 155 

Post-earthquake function of hospitals has garnered somewhat more attention. In their 156 

global review of hospital damage and function after previous earthquakes, Yavari et al. (2010) 157 

reported that, while structural damage was a major cause of loss of occupancy and function for 158 

hospitals constructed before major changes in design requirements (e.g., the 1972 California 159 

Hospital Seismic Safety Act), loss of function from nonstructural damage was significant in 160 

modern design. In particular, pipe failure and telecommunication issues were shown to affect 161 

the function of hospitals in the Northridge and Kocaeli (Turkey) Earthquakes, respectively; 162 

other types of damage affecting hospital function were loss of external power and water 163 

networks, failure of backup power systems, and damage to partitions, air conditioning, 164 

elevators, suspended ceilings, and medical equipment. Studying the Christchurch Earthquake, 165 

Jacques et al. (2014) found that much of the hospital function interruptions came from 166 

nonstructural damage and loss of lifeline services. 167 

Mitrani-Reiser et al. (2012) documented the post-earthquake damage and function of 168 

hospitals after the 2010 Maule (Chile) Earthquake. Out of 135 hospitals in the affected region, 169 

many of which are similar in design and construction to U.S. hospitals, immediately after the 170 

earthquake four were not reoccupiable, 12 had more than 75% of the floor area impacted by 171 

earthquake damage, and seven had some area (<75%) impacted; these seven hospitals were 172 

studied in more detail to relate damage with building function. These hospitals had no 173 

significant safety issues or structural damage. However, nonstructural damage hindered 174 

function; damaged elevators impeded patient transport, collapsed ceilings and damaged heavy 175 

concrete-clad walls hindered the use of certain areas and patient rooms, damage to hospital 176 

equipment and some minor flooding shut down surgical rooms and other services, and 177 

damaged computers as well as storage shelves made some patient records inaccessible. As a 178 

result of this damage, there was significant loss of function for specialized operations such as 179 

dialysis and laboratory functions, whereas the emergency department was able to maintain 180 

function. While water distribution, electric power and telecommunications utilities were not in 181 

service after the earthquake, most of the hospitals were able to use back-up systems for water 182 

and power. However, none of the hospitals had back-up telecommunications, which 183 



 

 

significantly hindered the emergency response coordination. Most of these seven hospitals 184 

were back to a mostly-functional state within seven days after the earthquake. 185 

Empirical and Judgment-Based Building Recovery Functions 186 
To date, the most common method of assessing building recovery time, especially when 187 

evaluating the recovery of a community or region (e.g., Ceskavich & Sasani (2018); Lin & 188 

Wang (2017a; 2017b)), has been through the use of recovery functions, such as those from 189 

Hazus (FEMA, 2012b). Hazus defines building recovery times as a function of ground motion 190 

intensity, for a given building class, location, age, and height; Hazus times are based on a 191 

combination of engineering judgment and empirical evidence.  192 

Kang et al. (2018) compared recovery functions from Hazus with permit and repair time 193 

data from 1,470 yellow- and red-tagged buildings from the 2014 Napa Valley (CA) 194 

Earthquake. The study categorized buildings into damage states based on post-earthquake 195 

inspection data, and used Hazus recovery functions to predict repair times for each inspected 196 

building. By comparing the predicted regional recovery with data from the earthquake. Kang 197 

et al. found the Hazus assessment of recovery time overpredicted the initial rate of community 198 

recovery and underpredicted the long-term rate of community recovery. Subsequently, Burton 199 

et al. (2019) used post-earthquake repair time data for wood frame houses from the 1989 Loma 200 

Prieta, 1994 Northridge, and 2014 Napa Valley Earthquakes to define empirical recovery 201 

functions that quantify the full repair time for single family dwellings.  202 

Yavari et al. (2010) proposed a framework for assessing hospital function based on the 203 

documented damage of 218 facilities from five California earthquakes. The framework defined 204 

function based on the performance of four major systems found in hospital facilities: structural, 205 

nonstructural, lifeline, and personnel (i.e., post-earthquake availability of hospital employees). 206 

For each system, the authors defined four discrete performance levels, resulting in 256 possible 207 

combinations of system performance that describe the overall functional performance of the 208 

facility into one of four facility functional states: fully functional, functional (some sections of 209 

the facility are affected, but not fully disrupted), affected function (some sections of the facility 210 

are fully disrupted, but emergency services are still functional), not functional. Based on the 211 

description of damage to the facilities, the authors developed empirical relationships between 212 

ground motion intensity and the four performance states of each of the four facility systems.  213 

Recovery Functions from Performance-Based Estimations of Repair Times  214 
As an alternative to predefined recovery functions, building recovery can be assessed using 215 

a performance-based earthquake engineering (PBEE) framework to explicitly quantify the 216 



 

 

repair or functional recovery time of a structure, based on its specific characteristics. PBEE 217 

integrates a probabilistic hazard analysis, with a structural response assessment and a 218 

component-based damage assessment to quantify the damage to each component within the 219 

building for a given shaking intensity (Porter, 2003; Deierlein & Moehle, 2004).  220 

FEMA P-58 is the most commonly used implementation of the PBEE methodology, and 221 

probabilistically quantifies a building’s performance, based on its structural and nonstructural 222 

characteristics, in terms of repair costs, repair time, casualties, and unsafe placards (FEMA, 223 

2012; 2018). Building repair times are quantified as an aggregation of the estimated time a 224 

worker takes to repair damage to each component within the building, based on a repair 225 

schedule that assumes workers either repair all floors simultaneously (parallel) or one floor at 226 

a time (series). FEMA P-58 suggests one worker is allocated to every 1,000 square feet of 227 

workspace. FEMA P-58 only quantifies building repair times, and does not consider the 228 

recovery of building function nor the impeding factors that delay the start of repairs. 229 

Cimellaro and Piqué (2016) is one study that has used the FEMA P-58 framework to assess 230 

restoration of function, for hospitals. Restoration curves were defined assuming repairs to each 231 

floor occur in series, with function restored at each floor upon completion of the repairs at that 232 

level (i.e., repair completion time serves as a proxy for building function). They tracked repair 233 

times for each floor individually to quantify the partial functionality of the hospital, assuming 234 

that lower floors would be functional while repairs continued upstairs.  235 

The Resilience-based Earthquake Design Initiative for the Next Generation of Buildings 236 

(REDi), extends the PBEE methodology to quantify building reoccupancy and functional 237 

recovery times (Almufti & Willford, 2013). This approach is implemented as a postprocess to 238 

a FEMA P-58 performance assessment. Building component damage states are put in “repair 239 

classes” to represent if damage to those components block building function or reoccupancy. 240 

Functional recovery or reoccupancy building recovery times are then estimated as the time to 241 

repair all components that are flagged as blocking function or reoccupancy, respectively, based 242 

on their average damage state. REDi also adds estimates of time for the pre-repair impeding 243 

factors, as well as a more sophisticated sequence for scheduling repairs (beyond the serial and 244 

parallel assumptions of FEMA P-58). The REDi method has been used in the performance-245 

based design of new buildings, such as the 181 Fremont Tower in San Francisco (Almufti, et 246 

al., 2016), and as part of the U.S. Resiliency Council’s seismic rating system (USRC, 2015). 247 

Yet, there are several key areas where the 2013 published version of REDi oversimplifies 248 

the quantification of functional recovery, hindering its adoption for functional recovery policy 249 



 

 

initiatives. Among these, in REDi, the building’s functional recovery performance is based on 250 

a “worst-case-component” architecture, meaning that, if any one component that affects 251 

function is damaged, the entire building is assessed as nonfunctional, potentially triggering 252 

hundreds of days of pre-repair impeding factors. In its current form, REDi is not set up to 253 

incorporate occupancy-specific requirements to function. Additionally, REDi was designed as 254 

post-process to FEMA P-58 computational tool PACT, hindering the statistical robustness 255 

achieved from REDi due to limitations in available metadata. After the 2013 publication of 256 

REDi, the primary authors have made some ongoing improvements to the REDi method (Paul 257 

et al., 2018), which are said to address some of these limitations, but the details of those 258 

developments have not been made public. 259 

Burton et al. (2015) presented a method that extends the PBEE framework to quantify 260 

recovery times for residential buildings with application to community recovery. The method 261 

defines five limit states that quantify building performance (inspection required, loss of 262 

building function, loss of occupancy, irreparable damage, and collapse), which are aggregated 263 

over a region’s building inventory to quantify community-level performance. In the study, the 264 

authors quantify the housing recovery for a hypothetical community by defining the loss of 265 

occupancy at the building level using a residual collapse capacity assessment. Conceptually, 266 

the authors suggest that the loss of function for each building could be determined through a 267 

FEMA P-58 or other damage assessment, but they do not define a specific method to do so.  268 

Recovery Functions from Fault Tree Analysis  269 
Fault trees are a failure analysis tools that map the operations of systems into discrete 270 

failure events (Fussell et al., 1974). Porter & Ramer (2012) outlined a framework to apply fault 271 

trees to assess building function, accounting for dependencies among building systems and 272 

their effect on function, applying it to post-earthquake function of a data center. The framework 273 

used assembly-based vulnerability approaches through PBEE to determine the damage to each 274 

component in the building. For a data center, the authors developed a fault tree to explicitly 275 

define how each component in the building, and its damage, affect building-level function. 276 

Mieler et al. (2015) also conceptualizes the use of fault trees to define building function. 277 

Jacques et al. (2014) developed fault trees to explore building function of hospitals after 278 

the Christchurch Earthquake. In their framework, hospital function depends (probabilistically) 279 

on damage to essential hospital supplies and equipment, post-earthquake availability of 280 

personnel, damage to interior spaces, availability of support infrastructure (power, water, etc.), 281 

and integrity of building egress. Using empirical data from the earthquake to deterministically 282 



 

 

define the structural damage, nonstructural damage, backup systems, lifelines, and staff 283 

disruptions as inputs to the fault tree model, the authors showed that the framework had mixed 284 

success at capturing post-earthquake hospital function. For example, the framework accurately 285 

predicted the loss of function of out-patient services for all four hospitals, but overestimated 286 

the consequences of loss of backup power because personnel were able to situationally adjust 287 

and maintain certain functions; these interactions were not represented in the framework. 288 

To define building functional recovery times in a performance-based framework, Terzic 289 

and Villanueva (2021) define story- and building-level damage thresholds for various 290 

components and component-groups; if the fraction of damaged components is greater than the 291 

damage threshold, the damage is assumed to compromise building function based on a series 292 

of subsystem fault trees. They provide an example application to a 13-story building (Terzic 293 

and Villanueva, 2021) and a 42-story building (Terzic and Kolozvari, 2020), but do not 294 

document all the assumptions needed to do the assessment for other types of buildings. They 295 

use the repair schedule model proposed by Yoo (2016), which incorporates critical path 296 

concepts to calculate repair times based on repair sequences and resource constraints. The Yoo 297 

(2016) model was informed by interviews with eight contractors in the southern California 298 

region and provides example crew allocations and repair sequence constraints for several 299 

archetypal steel frame buildings.  300 

EXTERNAL FACTORS AFFECTING BUILDING RECOVERY 301 

In addition to loss of function caused by damage to the building itself, indirect and external 302 

factors can significantly delay the start of repairs and impact the building’s functional recovery. 303 

These impeding factors depend on the local surge in demand for trades and materials depending 304 

on the size of the earthquake (Dhalhamer and Tierney 1998). Comerio (2006) identified 305 

impeding factors including financing, economic and regulatory uncertainty, and construction 306 

delays. Aghababaei et al. (2020) used empirical data from tornado damaged buildings to show 307 

that delays related to inspections, financing, contractor and permitting are particularly 308 

significant. REDi outlines impeding factors that define construction delays from inspection, 309 

engineering mobilization, permitting, contractor mobilization, and financing (Almufti & 310 

Willford, 2013). Median REDi impeding times range from 5 days for inspection to around 50 311 

weeks for some contractor, design, and finance delays, defined for a ground shaking intensity 312 

with a 475-year return period at a high seismic site.  313 



 

 

It is well documented that the recovery of lifeline systems, including water, wastewater, 314 

electric power, natural gas and telecommunications are essential to the recovery of building 315 

function (e.g., Dhalhamer and Tierney 1998). A number of studies that have either 316 

conceptualized, defined, or provided frameworks to assess lifeline recovery (e.g., FEMA 317 

2012b; Miles et al. 2018; Davis, 2019; Masoomi et al., 2020). However, incorporating these 318 

networks, and the related availability of key utilities, into the assessment of functional recovery 319 

of an individual building is complicated because network topologies, damage, and recovery 320 

are inherently region and earthquake dependent, while building function is ground motion and 321 

site dependent. To close the gap between building assessment and these network analyses, 322 

lifeline recovery functions provided in REDi (Almufti & Willford, 2013) range from three days 323 

on average for electrical network recovery to as much as 1-3 months of recovery for natural 324 

gas and water network recovery (for intensity with 475-year return period). 325 

Characteristics of the human infrastructure and post-disaster decision making can also 326 

significantly impact building functional recovery (e.g., Marquis et al. 2017). The capacity of a 327 

business to recover and remain in operation depends on factors such as the size of the firm, the 328 

type of business, its financial condition, the ability of employees to get to work, the local 329 

economy, and the adoption of various business continuity strategies (Dhalhamer and Tierney 330 

1998; Petak and Elahi 2001). Cremen et al. (2020) studied 22 businesses affected by the 2011 331 

Christchurch Earthquake. Combining business-related factors with a PBEE assessment, they 332 

showed that, while building and lifeline damage was the most significant contributing factor 333 

to business interruption, many businesses were able to implement effective strategies to help 334 

recover business operations prior to the completion of building repairs. Likewise, household 335 

decisions to repair, rebuild, stay, sell, or relocate are functions of household characteristics 336 

such as income, ownership, time at current residence, and earthquake insurance, as well as 337 

community evacuations, and time spent in a temporary shelter (Burton et al. 2019).  338 

SCOPE 339 

Our goal is to develop a performance-based approach to quantify the capacity of an 340 

individual building to maintain and recover function, given the seismic damage to the building 341 

and its components, operationalizing the concept of functional recovery. The study develops 342 

methods to explicitly account for damage to the structural, architectural, mechanical, electrical, 343 

and plumbing systems in the building that contribute to loss of function. In doing so, we 344 

disaggregate building function characteristics and decision variables into their fundamental 345 



 

 

parts, thereby avoiding assumptions about function (e.g., that function is lost only if a building 346 

is red tagged) that hamper the utility of the functional recovery concept in supporting resilient 347 

design initiatives. The proposed method quantifies the performance of a building in terms of 348 

the three performance states: reoccupancy, building function, and full repair. 349 

Our unit of analysis is an individual building and its constituent tenant units. A tenant unit 350 

is defined as a space within a building that serves a distinct purpose and may have different 351 

requirements to function from other spaces within the building due to its specific use case. 352 

Buildings can be made up of one or many tenant units. Because we focus on buildings, not 353 

businesses or households, external factors, such as household decisions and business continuity 354 

plans, are not considered. In addition, external lifelines and their impacts on functional 355 

recovery are excluded. This approach is taken because, beyond backup systems, the mitigation 356 

of the effects of lifeline disruption is typically outside the purview of the building designer.  357 

OVERVIEW OF PROPOSED PERFORMACE-BASED METHOD 358 

The proposed method probabilistically quantifies the building performance state at any 359 

time after an earthquake, estimating the recovery time to building reoccupancy, function, and 360 

full repair. In doing so, it builds on the performance-based computational architecture of 361 

FEMA P-58 (FEMA 2012; 2018) for the hazard assessment, structural analysis, and damage 362 

assessment. The simulated damage to a building’s components is used to explicitly quantify 363 

the performance of various systems within the building. A building’s performance state 364 

accounts for the impacts of each of these systems on building reoccupancy and function. 365 

Our general approach for assessing a building’s performance state is illustrated in Figure 366 

2, and is structured according to the following logic. For a building or tenant unit to be 367 

reoocupiable, it must be safe to enter, each story of the building must be accessible, i.e., having 368 

appropriate egress, and tenant units must be safe from local falling and other safety hazards. 369 

For a building or tenant unit to be functional, the building and tenant unit must first be 370 

reoccupiable and tenants in the unit must be able to use the space for its basic intended purpose. 371 

Thus, in Stage 1, Building Safety, the building is checked for occupant safety hazards that 372 

would cause the whole building to fail reoccupancy, such as a red tag or extensive exterior 373 

falling hazards. In Stage 2, Story Access, each story is checked for egress and access routes, 374 

based on damage to stairways and doors. Stage 3, Tenant Safety, identifies local safety issues, 375 

such as interior falling hazards, in each tenant unit. Building Safety, Story Access and Tenant 376 

Safety are required for reoccupancy of a particular space. Finally, Stage 4, Tenant Function, 377 



 

 

checks whether building systems are in a condition such that the tenants can function in the 378 

space, according to tenant and occupancy-specific requirements. The full repair performance 379 

state is reached when all repairs have been completed. 380 

 381 
Figure 2. Illustration of the proposed building function module for assessing building reoccupancy 382 

and function. 383 

In each stage, component damage is related to system-level function, based on a series of 384 

fault trees following, e.g., Porter and Ramer (2015) and Jacques et al. (2014). These fault trees 385 

are used to define the effect that component damage has on nine different building systems’ 386 

damage and operation. Table 1 lists the relevant building systems. The function of each tenant 387 

unit is determined based on how the performance of each system meets or fails to meet tenant-388 

specific requirements. The building’s performance state is aggregated from the functional 389 

performance of all the tenant units within the building; full repair is quantified only at the 390 

building level. These calculations propagate uncertainties through Monte Carlo simulation, 391 

considering uncertainties in structural response, damage, and impeding and repair times.  392 

The next sections of the paper define the logic and assumptions used in the proposed 393 

method to assess a building’s performance state at any point in time after an earthquake. It also 394 

develops and describes a repair scheduling algorithm and method of quantifying impeding 395 

factors, which are used to assess how the function in the building is restored over time after the 396 

earthquake. Figure 3 illustrates the input/output structure and logical connections between the 397 

building performance assessment (Building Function Module) and repair schedule algorithm 398 

(Recovery Time Module)Error! Reference source not found.. A Matlab codebase that can 399 



 

 

be used to conduct this assessment and underlying data tables are available for download in 400 

the PBEE-Recovery Github repository (Cook, 2021a); the logic presented in this paper is 401 

consistent with v1.1.0 of the code.  402 

Table 1. Building systems defined and stages of the assessment they affect. 403 

System Assessment stage System components 

Structural 
Building Safety 
Tenant Safety 

Tenant Function 
Columns, beams, walls, braces, slabs, etc. 

Exterior Enclosure 
Building Safety 
Tenant Safety 

Tenant Function 

Exterior walls, precast cladding, glazing, 
storefronts, etc. 

Interior Spaces Tenant Safety 
Tenant Function 

Interior walls, ceilings, slabs, lighting, 
flooring, tenant contents etc. 

Stairs and Doors Story Access Staircases and doors 
Elevators Tenant Function Elevators 

Water/Plumbing Tenant Function Piping and bracing 
Electrical/Power Tenant Function Electrical equipment 

Heating Ventilation and Air 
Conditioning (HVAC) Tenant Function Equipment, ducts, piping, drop-downs, and 

fans 

Fire Suppression Building Safety 
Story Access Piping, sprinklers, and bracing 

REQUIRED INFORMATION 404 

The building information required to assess the post-earthquake building performance state 405 

is the same as that needed for a typical FEMA P-58 assessment, including site seismic hazard 406 

information, estimations of structural response, and an inventory of structural and nonstructural 407 

components in each story and direction. Additionally, to quantify a building’s performance 408 

state, information is needed about each tenant unit in the building, including its occupancy 409 

(e.g., residential, office), location, and inventory of structural and nonstructural components. 410 

For mechanical and electrical systems, it is necessary to define not only where the system’s 411 

components are located, but also which areas of the building they service.  412 

 413 

Figure 3. Illustration of the function and recovery time modules and integration with FEMA P-58.  414 



 

 

Tenant Requirements 415 
To function within a space, each of the building’s tenants may have a unique set of 416 

requirements of the building’s services and/or tolerance for damage, based on the tenant’s 417 

specific operations. However, it is expected that similar types of tenants, with a shared 418 

occupancy type, may have similar functional needs. Therefore, Table 2 provides a sample set 419 

of tenant requirements for office and residential occupancies. The proposed method is intended 420 

to provide easily modifiable thresholds if other requirements are considered. For example, 421 

HVAC systems may not be needed in all climates, especially if units have passive ventilation 422 

systems to maintain airflow. 423 

Table 2. Example requirements for building systems for Tenant Function for two occupancies 424 

System Performance Metric Office Residential 
Exterior 

Enclosure 
Percent of the perimeter area 

boarded up or severely damage < 50% perimeter affected < 75% perimeter affected 

Interior 
Spaces 

Percent of the interior area 
with falling hazard or severe 

damage 

< 25% of the interior area 
affected 

< 50% of the interior area 
affected 

Elevators Percent of functioning 
elevators 

Units above the 3rd story 
need at least one operating 

elevator per 1000 occupants1 

Units above the 5th story 
need at least one operating 

elevator per 1000 
occupants1 

Plumbing 
Level of service provided System operational in unit Electrical 

HVAC 
1 Elevator requirements are taken as one-quarter the typical design requirements for new design (which suggests 425 
one elevator per 250 occupants); the method assumes that in a post-earthquake setting, a less-than-ideal number 426 
of elevators would meet basic requirements for function. 427 

Damage State Attributes 428 
To relate the consequences of component-level damage to the fault trees presented in this 429 

method, we define additional damage state attributes for each component in the FEMA P-58 430 

database. For example, the proposed attributes specifically identify which components and 431 

damage states affect interior function, create falling hazards, or are required for MEP operation, 432 

among others, and which do not. A complete list of all attributes defined in this method is 433 

provided in Table S1 of the electronic supplement; attribute assignments for each component 434 

damage state of the FEMA P-58 fragility database (2012; 2018) is provided in the companion 435 

code repository (Cook, 2021a). 436 



 

 

ASSESSING BUILDING REOCCUPANCY 437 

BUILDING SAFETY 438 

In Stage 1 (Figure 2), safety is checked on the building level. This check identifies several 439 

types of damage that indicate an entire building is unsafe, including structural safety concerns, 440 

safe egress, and risk of fire. The effect that each of these hazards has on the assessment of 441 

Building Safety is quantified using the fault tree shown in Figure 4. If any of these hazards are 442 

determined to exist based on the damage to each system, the building is designated as unsafe, 443 

and all tenant units within the building are not occupiable nor functional. 444 

Unsafe Placards 445 
Structural safety threats, encompassing both concerns of inadequate capacity to withstand 446 

aftershocks and loss of gravity load capacity, are present if the assessment identifies that an 447 

unsafe placard (red tag) would be posted on the building. An unsafe placard prevents 448 

reoccupancy. Unsafe placards are identified using a virtual inspection process, described in 449 

Cook et al. (2021b), which has been verified against data from the Northridge Earthquake. The 450 

virtual inspector attempts to mimic the post-earthquake inspection process and assigns unsafe 451 

placards based on the severity of component damage (Safety Class attribute) and the extent of 452 

damage within each structural system. The virtual unsafe placard identifies only structural 453 

safety concerns; other Building Safety issues are identified by other branches of the fault tree.  454 

Safe Entry and Exit 455 
Falling hazards on the outside of the building pose a risk to occupant egress and pedestrians. 456 

External falling hazards come from dislodged cladding, broken glass, severely damaged 457 

chimneys, roof tiles, masonry parapets, and so forth (ATC, 1989; 2005). The External Falling 458 

Hazard attribute (electronic supplement Table S1) identifies the component damage states that 459 

trigger external falling hazards event in the fault tree in Figure 4. External falling hazards are 460 

only treated as a safety concern if they cause a building entrance or exit to become blocked or 461 

unsafe. An entrance or exit door becomes unsafe if there is a falling hazard anywhere above 462 

the door access zone, where the door access zone is defined as three times the width of the 463 

door. Entrance or exit doors, racked by residual lateral displacement demands, can also cause 464 

the door to become inaccessible/unsafe, and compromise safe building egress. 465 

If enough entrance doors are damaged or considered unsafe for access on the first story, 466 

the whole building is deemed unsafe. The method assumes that there needs to be at least 50% 467 

of the required design egress (International Code Council, 2009) for a building to be safe to 468 



 

 

access in a post-earthquake setting. We justify acceptance of fewer egress routes than required 469 

by design because these requirements would likely be relaxed after the earthquake to support 470 

building reoccupancy (FEMA, 2019). However, if the fire suppression system is not 471 

operational, we assume egress requirements would be more stringent. Therefore, the egress 472 

requirement tightens to at least 75% of design egress when a fire suppression system is not 473 

installed or is damaged.  The consequence of external falling hazards on building safety can be 474 

mitigated prior to their full repair through a temporary repair measure, e.g., by boarding up 475 

broken windows and glazing; temporary repair measures are discussed later in detail. 476 

 477 
Figure 4. Fault tree determining Building Safety (Stage 1). Gray events are not currently considered. 478 

Safety Classes (SC) used in defining the unsafe placarding are defined Cook et al. (2021b).  479 

Fire Safety and Fire Suppression 480 
Fire following an earthquake can pose a major risk to occupant safety; in the Northridge 481 

Earthquake, for example, there were 110 earthquake-related fires, mostly fueled by broken gas 482 

lines (NIST, 1999). Given this risk, the failure of a gas line in or near the building would likely 483 

result in the closure of the building until the gas line could be repaired or shut off (ATC, 1989; 484 

2005). Gas line rupture can be assessed through the fragility functions from Lanzano et al. 485 

(2013), where Risk States 1 and 2 trigger the hazardous material fault tree event (Figure 4). 486 



 

 

The condition of the fire suppression systems is also relevant to Building Safety and 487 

reoccupancy. FEMA P-2055 (FEMA, 2019) provides guidelines on post-disaster habitability 488 

requirements, noting that the failure of the fire suppression system by itself should not hinder 489 

reoccupancy of a building, as long as a fire watch is in place and the fire suppression system is 490 

restored within 30 days after the earthquake. Therefore, in the proposed method, failure of the 491 

fire suppression system (assessed through the fault tree in Figure 4) only results in the closure 492 

of the building if the building officials or fire marshals consider the building to be a fire risk.  493 

Other Building Safety Concerns 494 
Other types of damage may also cause a building to become unsafe, such as cordons from 495 

nearby buildings, which caused extensive closures after the 2011 Christchurch Earthquake 496 

(Mieler et al., 2016; Hulsey et al. 2018; Deierlein et al. 2020), or the presence of hazardous 497 

materials, such as asbestos wall boards and ceiling tiles, which created reoccupancy issues after 498 

the 1994 Northridge Earthquake (ATC, 2000). Cordons are not currently considered in this 499 

study as they are outside the scope of the individual building-level assessment. The Global and 500 

Local Hazardous Materials attributes (electronic supplement Table S1) identifies the 501 

component damage states that trigger global or local hazardous material events in the Building 502 

Safety fault tree, respectively; global hazards affect the safety of the entire building, while local 503 

hazards only affect the tenant unit where the hazard is located.  504 

STORY ACCESS 505 

In Stage 2 of the proposed method (Figure 2), each story is checked for accessibility and 506 

egress according to the fault tree in Figure 5Error! Reference source not found.. The 507 

accessibility of each story is based on the number of functioning stairways and stairwell doors 508 

at each story. If a sufficient number of doorways or stairwells are severely damaged, the story 509 

is considered inaccessible. Each story is checked separately, and access impedes all tenant units 510 

at that level. Likewise, if there is sufficient damage to the stairs on a particular story, that story, 511 

the story immediately below, and all stories above would become inaccessible, while the stories 512 

below maintain access.  513 

In the proposed method, only severe damage that impedes the use of stairs and doors affects 514 

access and egress, as identified by the Affects Access attribute (electronic supplement Table 515 

S1). For stair components in the FEMA P-58 (2012; 2018) database, damage is usually 516 

classified into three damages states involving: aesthetic damage, minor structural damage not 517 

affecting live-load carrying capacity, and severe structural damage affecting the staircase’s 518 



 

 

live-load carrying capacity. In the proposed method, the latter two damage states are flagged 519 

as affecting access because of visual concerns that would be present for either damage state. 520 

Likewise, door fragilities typically have two damages states (FEMA 2012; 2018). Both damage 521 

states are associated with door racking and thereby assumed to impede access. 522 

 523 
Figure 5. Fault tree defining Story Access (Stage 2). Gray events are not currently considered. 524 

We assume that stair and door damage only affects access if sufficient egress is not 525 

maintainedError! Reference source not found.. To maintain access of a given story, the 526 

proposed method assumes that at least 50% of the required design egress needs to be 527 

maintained; we require at least 75% of design egress when the fire suppression system at a 528 

story is not installed or properly operating. The effect of door racking on story access can be 529 

mitigated prior to a full repair of the door, by simply unjamming the racked door as a temporary 530 

repair; we consider no temporary repair measure for severe stair damage, which is assumed to 531 

require a specialized design and repair. 532 

TENANT SAFETY 533 

If the proposed method finds the building is safe and the story is accessible (Figure 2), each 534 

tenant unit is checked for local safety hazards using the fault tree in Figure 6. These local safety 535 

hazards pose a risk to the occupants in some areas of the building but are not extensive enough 536 

to be caught in the Building Safety stage. Local safety hazards identified here are severe 537 

exterior enclosure damage, interior falling hazards from structural components, nonstructural 538 

components, and tenant contents, and the local presence of hazardous materials. 539 



 

 

In this method, damage that compromises the safety of the exterior envelope occurs when 540 

more than 10% of the tenant unit perimeter area is severely damage, as identified by the 541 

Damages Envelope Seal attribute (electronic supplement Table S1). This damage is presumed 542 

to result in large openings in the side of the building, such as precast cladding anchorage failure, 543 

and broken and fallen glass in curtains walls, which compromises the integrity of the exterior 544 

envelope causing the tenant unit to become unsafe (FEMA, 2019). The effect of severe exterior 545 

envelope damage on tenant safety can be mitigated prior to a full repair by boarding up the 546 

damaged panels as a temporary repair (FEMA, 2019).  547 

 548 
Figure 6. Fault tree defining Tenant (Local) Safety (Stage 3). 549 

Interior falling hazards, caused by damage to a variety of interior components, can cause 550 

the tenant unit to become unsafe to occupy (Jacques et al., 2014). Currently, the method 551 

suggests that if more than 10% of the interior area of the tenant unit is affected by interior local 552 

falling hazards, the tenant unit is unsafe to occupy. If 10% or less of the interior area of the 553 

tenant unit is affected by interior falling hazards, we assume the local falling hazards can be 554 

sectioned off and basic function resumed in the space (provided other requirements are met). 555 

Components damage states that trigger local falling hazard concerns, such as moderate or 556 

major damage to suspended ceilings, is identified by the Interior Falling Hazards attribute 557 

(electronic supplement Table S1). Each component that poses a falling hazard is also assigned 558 

a specific area (in plan) that is affected by that falling hazard; the total area within the tenant 559 

unit affected by falling hazards is calculated based on the location and affected of each 560 



 

 

damaged component within the tenant unit. If the locations of each component within the tenant 561 

unit are not explicitly modeled, simplifying assumptions can be made to estimate the affected 562 

area (Cook et al., 2021b). To do so, affected areas of the same type of components can be 563 

summed since the components are unlikely to occupy the same space. However, components 564 

of different types may or may not occupy the same space within the tenant unit and can be 565 

combined by taking the square root sum of squares of the affected areas. The assigned affected 566 

areas for each component are mostly adopted from the falling hazard casualty logic of FEMA 567 

P-58 (2012; 2018). Many of the interior falling hazards effect on function can be mitigated 568 

prior to a full repair by removing and bracing components as a temporary repair measure. 569 

ASSESSMENT OF BUILDING FUNCTION 570 

In Stage 4 (Figure 2), each tenant unit in the building is checked against a set of tenant-571 

specific requirements to determine if any system is hindering function in that unit. This stage 572 

involves quantifying the extent of damage to and level of service provided by each system in 573 

Table 1, then comparing the performance of each system against a set of tenant-specific 574 

requirements to determine if function is affected. If the requirements for reoccupancy are met 575 

and the performance of each system satisfies the tenant requirements, the tenant unit is 576 

functional. An example set of tenant requirements is provided in Table 2. 577 

BUILDING ENVELOPE 578 

The exterior enclosure of a building, or building envelope, establishes the definition of 579 

interior vs. exterior space; significant damage to the building envelope leaves building 580 

occupants less protected from external elements, the building susceptible to water damage, and 581 

potentially reduces interior natural light due to temporary repair measures. We define the effect 582 

that building envelope damage has on tenant function in the fault tree provided in Figure 583 

7Error! Reference source not found..  584 

Damage to the roof that severely compromises the roof structure or weather seal, prohibits 585 

function in the space below. For a multi-story building, we assume that a compromised roof 586 

only affects the function of the tenant units in the top floor. Component damage that severely 587 

compromises the roof’s structure includes punching of the roof slab and failure of flexible roof 588 

diaphragms; if over 10% of the roof area (in plan) undergoes this type of damage, the roof is 589 

flagged as compromised. Likewise, we assume severe roof tile damage to over 25% of the roof 590 

area compromises the weatherproofing of the roof.  591 



 

 

Severe cladding damage can also compromise the building’s envelope seal. If the extent of 592 

exterior enclosure damage, quantified as the percent of the tenant unit’s cladding area (in 593 

elevation) with severe cladding damage, does not satisfy the tenant functional requirements, 594 

the tenant unit is no longer functional. Cladding and roof component damage states that affect 595 

the envelope seal are assigned based on the Damages Envelope Seal attribute (electronic 596 

supplement Table S1); minor damage such as cracked windows have no effect on function. 597 

The default tenant requirements (Table 2) assume that function is possible with a much higher 598 

extent of cladding damage compared with the Tenant Safety check of exterior components in 599 

Stage 3 (10% of the perimeter area). However, temporary repairs to the exterior enclosure 600 

system (securing walls and boarding up windows) are assumed to block interior natural light 601 

and therefore mitigate their effect on tenant function.  602 

 603 
Figure 7. Fault tree defining the performance of the exterior enclosure for Tenant Function (Stage 4). 604 

INTERIOR SPACE  605 

The presence of interior falling hazards, severely damaged floors, ceilings, or walls, or 606 

scattered tenant contents may cause the interior space of a building to not be functional for 607 

tenant use (Yavari et al. 2010; Mitrani-Reiser et al., 2012; Jacques et al., 2014). While some 608 

isolated severe interior damage would likely not impact tenant function, extensive damage 609 

throughout a space could cause the entire tenant unit to become nonfunctional, depending on 610 

the tenant’s tolerance for interior damage. In the proposed method, interior damage that affects 611 

building function is associated with severe damage that either creates an interior falling hazard 612 

or causes the space to be unusable, and is checked using the fault tree provided in Figure S1 of 613 

the electronic supplement.  614 



 

 

Wall damage only affects interior function for very severe damage states where studs have 615 

buckled, and sheathing has separated; pipe failures can also lead to flooding of interior spaces, 616 

but is not currently considered. The Obstructs Interior Space attribute (electronic supplement 617 

Table S1) identifies each interior nonstructural and structural component damage state that has 618 

the potential to impede interior function; we also identify the floor area (in plan) affected for 619 

each component’s damage. The total affected area within a tenant unit is quantified by 620 

combining the area of all affected interior components, based on their location within the tenant 621 

unit. If specific component locations are unknown, an estimate of the total affected area can be 622 

developed (Cook, 2021b). If the extent of interior damage is beyond the tenant requirements, 623 

the tenant unit is no longer functional. Many of the damage states that impede the use of the 624 

interior space are assigned temporary repair measures to mitigate their effect on tenant function 625 

prior to their completion of the full repair, as discussed later in this paper. 626 

ELEVATORS 627 

While not all buildings and tenant units need elevators to function, some people and 628 

activities, e.g., occupants in high-rise buildings and patient transport, are impacted by elevator 629 

operations. Here, this impact is quantified with the fault tree in Figure 8Error! Reference 630 

source not found.. Elevator operation is based on damage to the elevators’ components, 631 

damage to the motor control center, and loss of electrical power (either due to damage to the 632 

building system or loss of external power supply). Most of the elevator and motor control center 633 

damage states cause the elevators to be not operational, as identified by the Impairs System 634 

Operation attribute (electronic supplement Table S1). Elevator failures are modeled 635 

independently from other elevators; however, failure of the motor control center or loss of the 636 

power supply causes loss of operation of all elevators in a building. Fault trees governing the 637 

operation of the electrical system and power supply are discussed later. As most large buildings 638 

are designed with multiple elevators to reduce waiting times, in a post-earthquake setting, not 639 

every elevator is required for function, as suggested by the example Tenant Requirements 640 

provided in Table 2.  641 

POTABLE AND SANITARY WASTE PLUMBING SYSTEM 642 

Water and wastewater systems in buildings are essential to occupant health and tenant 643 

function; while temporary services could provide short term solutions to shelter, many 644 

occupancies, such as hospitals, residence, and offices, need steady water supply for basic 645 

function (FEMA, 2019). Here, the performance of the plumbing system is quantified based on 646 



 

 

the fault tree provided in Figure S2 of the electronic supplementError! Reference source not 647 

found.. Plumbing system operation depends on damage to the potable water and sanitary waste 648 

piping components, and the external water supply. The piping components include both large 649 

diameter piping (distribution mains) and small diameter piping (branches); major damage to a 650 

main supply pipe disrupts the plumbing services to the entire building, where major damage to 651 

a smaller branch pipe only disrupts service to the tenant unit that pipe is serving. Component 652 

damage that affects the operation of the plumbing system is identified by the Impairs System 653 

Operation attribute (electronic supplement Table S1).  654 

 655 
Figure 8. Fault tree defining the performance of the elevators for Tenant Function (Stage 4). Gray 656 

events are not currently considered. 657 

ELECTRICAL POWER SYSTEM 658 

Many functions of modern society depend on electrical power to operate, such as food 659 

storage, lighting, internet connection, etc., and failure of the electrical power system would 660 

likely severely hinder the ability for most occupancies to function. Electrical system operation 661 

depends on damage to the electrical equipment, including the transformers, switchgears, and 662 

distribution panels, and the external power supply, as defined by the fault tree in Figure 9.  663 

Major damage to the transformer or switchgear would disrupt the electrical service for the 664 

entire building, whereas major damage to a distribution panel would only disrupt service to the 665 

tenant unit where the panel is located. Some buildings, such as hospitals, have backup systems 666 

to mitigate the loss of external electrical power supply. When these systems are present, we 667 



 

 

assume that any major damage to the backup system equipment fails the backup power supply 668 

for the entire structure. Component damage that affects the operation of the electrical system 669 

is identified by the Impairs System Operation attribute (electronic supplement Table S1).  670 

 671 
Figure 9. Fault tree defining the performance of the electrical system for Tenant Function (Stage 4). 672 

Gray events are not currently considered. 673 

HEATING VENTILATION AND AIR CONDITIONING SYSTEM 674 

The operation of the HVAC system is dependent on heating and cooling system equipment, 675 

exhaust and fan equipment, air distribution, chilled and heated water distribution, the electrical 676 

power supply, and depending on the system, the supply of natural gas. The configuration of  677 

the HVAC system typically depends on the age, size, and type of building. In this method, we 678 

construct fault trees for several typical HVAC system configurations common to modern U.S 679 

construction. Typical HVAC system configurations are provided for large multi-story, large 680 

single-story, and small structures; fault trees defining the operation and failure events for each 681 

of the HVAC configurations is provided in figures S3 through S7 in the electronic supplement.  682 

For each component in the HVAC system, we identify the damage states that affect the 683 

operation of the HVAC system using Impairs System Operation attribute (electronic 684 

supplement Table S1). Not all component failures affect the operation of the HVAC system 685 

equally. For example, in large structures, the chillers and cooling towers provide chilled water 686 

(for air cooling) for the entire building, and the failure of these components can lead to loss of 687 

HVAC operation for the entire building. However, air handling units, distribution ducts and 688 

variable air volume (VAV) often serve specific sections of the building; the consequence of 689 



 

 

failure for these components may only lead to local loss of HVAC operation. Additionally, 690 

some HVAC equipment components are designed to operate in parallel, such as chillers and 691 

cooling towers, such that some component failures can be withstood without system failure. 692 

For HVAC equipment that is designed with redundancy, we assume that the components are 693 

designed using the “n+1” rule, where the systems are designed with one additional unit beyond 694 

the required capacity, to accommodate maintenance and failure scenarios. For HVAC 695 

distribution components, such as ducts, drops, in-line fans, and variable air volume boxes, 696 

acceptable damage thresholds are provided for each HVAC distribution component due to their 697 

inherent redundancy within a given tenant unit (electronic supplement Table S2). The overall 698 

performance of the HVAC system in the tenant unit is aggregated from the component-level 699 

damage using the fault tree associated with the relevant HVAC system configuration. 700 

QUANTIFYING RECOVERY TIME 701 

A building’s post-earthquake performance state and level of damage is not static; as each 702 

component and system is repaired, the building gradually, regains function. To estimate the 703 

time until damage is repaired and building function is restored, a realistic representation of the 704 

building’s repair schedule is required. A building repair schedule determines when repairs of 705 

each system and its constituent components are conducted, and the factors impeding the 706 

initiation of repairs. This schedule is used to develop repair time estimates that are combined 707 

with the building function assessment to develop the recovery trajectories, as illustrated in 708 

Figure 1. Function can be gradually restored as temporary and other repairs are carried out.  709 

The key novelties of our repair schedule include the definition of temporary repairs, which 710 

greatly influence time to reoccupy and restore function for buildings with low to moderate 711 

levels of damage, and the development of a repair schedule that prioritizes restoration of 712 

function. The repair schedule is determined on a realization-by-realization basis, and considers 713 

all damaged components, instead of just the components affecting function. In concept, other 714 

repair time methods could be used in conjunction with the assessment of building reoccupancy 715 

and function performance presented above, with the requirements that the repair time module 716 

tracks the start and stop of repairs for each individual building system. 717 

IMPEDING FACTORS AND TEMPORARY REPAIRS 718 

Impeding factors are those activities or factors that delay the onset of repair after an 719 

earthquake, and include building inspection, design and permitting, contractor mobilization, 720 

temporary clean-up and repairs, and other factors, as shown in Figure 10. The impeding factors 721 



 

 

considered here are inspired by previous work including Almufti and Willford (2013), 722 

Aghababaei et al. (2020), and Terzic and Kolozvari (2020), but are defined to ensure that they 723 

are compatible with the goal of assessing when function and reoccupancy can be restored under 724 

a range of shaking intensities. Financing, the design track (engineering mobilization, design, 725 

and permitting), and contractor mobilization are assumed to take place in parallel, and the times 726 

associated with each depend on the severity of the ground shaking and damage. The longest 727 

such sequence governs when repairs can begin for a given building system. The key difference 728 

here from previous impedance factor models is that this delay is calculated on a system-by-729 

system basis; the longest such sequence governs when repairs can begin for a given building 730 

system. For example, if no design or permits are needed for electrical and plumbing repairs, 731 

those repair actions can take place before the design track is completed for other systems. 732 

An overview of the types of impeding factors and temporary repairs considered in the 733 

method, their triggers, affected systems, and estimated median times are presented in the 734 

following sections. Some of the impeding factor times may be affected by a regional surge in 735 

demands for labor and materials associated with large earthquakes affecting a major region; 736 

while the time delay of regional demand surge is not quantified in this study, the factors that 737 

would likely be affected are indicated below. 738 

 739 
Figure 10. Flowchart factors illustrating the proposed impeding factors and schedule.  740 

Clean up, Temporary and Local Stabilization Repairs 741 
After an earthquake occurs, temporary repair actions, such as clean up, temporary and local 742 

stabilization repairs, can occur immediately after any needed inspections, and in parallel with 743 

other impeding factors. Clean up (e.g., picking up falling ceiling tiles) and simple temporary 744 

repairs (e.g., unjamming a door) are assumed to take three days (median). Longer temporary 745 

repairs include removing, securing, and barricading of exterior and interior falling hazards, as 746 

well as tarping or boarding up of broken windows and compromised cladding and are assumed 747 

to have median times of one to two weeks. Local stabilization, such as shoring, is assumed to 748 

take three weeks (median). Some damage, such as widespread structural damage or localized 749 

loss of gravity-load carrying capacity, cannot be temporarily repaired or cleaned up.  750 



 

 

Local stabilization repairs are assumed to precede any other temporary repairs (which occur 751 

in parallel). While temporary repair actions can mitigate the effect that damage has on 752 

reoccupancy or function, they do not block the start of the full system repair or change the 753 

subsequent time required to repair damaged components. Therefore, temporary repair actions 754 

only trigger if they can be resolved prior to the completion of the full repair.  755 

The various damage states that have temporary repair measures, require shoring, and their 756 

assumed median repair times are identified for each component using the proposed attributes 757 

in Table S1 in the electronic supplement; the median times for temporary repair actions are 758 

selected based on the judgement of the authors and are assumed to be inclusive of the time 759 

needed to find and mobilize a crew to conduct the temporary repair work. 760 

Inspection 761 
Inspection times are assumed to be three days for essential facilities and seven days for 762 

other buildings, as shown in Table 3. These values are based on the estimates of inspection 763 

time presented in Almufti and Willford (2013) and Terzic and Kolozvari (2020). A building 764 

inspection is triggered if damage to any structural system at any story reaches 50% of the limits 765 

defined for an unsafe placard. In practice, this means that any severe Safety Class 3 damage 766 

indicates an inspection is required, and most buildings with Safety Class 1 and 2 type damage 767 

need inspection. The inspection time can be reduced to 1 day with the introduction of a 768 

Building Occupancy Resumption Program (BORP) or equivalent.  769 

Table 3 – Inspection impeding times. 770 
Condition System Trigger Median 

Impeding Time 
Non-essential facility Impedes all 

systems 
50% of Red Tag 

threshold 

1 week* 
Essential facility 3 days* 

BORP or equivalent 1 day 
        *Affected by demand surge factor if event damages a large region 771 

Financing 772 
Financing is one of the three impeding activities that could begin concurrently after 773 

inspection. Financing time, summarized in Table 4, is required if the value of repairs needed 774 

exceeds the building owner’s immediately available funds, or cash-on-hand (COH). Pre-775 

arranged credit should be included in COH. The distinction between financing options is 776 

similar to the structure proposed by Almufti and Willford (2013); the provided median times 777 

are based on the judgment of the authors, informed by communications with an SBA loan 778 

specialist and private loan officers. Due to the long time taken to secure insurance payouts, the 779 



 

 

insurance impeding time model assumes that even owners with insurance will pursue private 780 

financing to conduct the repairs before the insurance payment is available.  781 

Engineering Mobilization and Design  782 
Engineering mobilization and design time is required for most structural repairs, as well as 783 

the repair of severe damage to stairs and exteriors. The component damage states requiring re-784 

design are indicated in the code repository (Cook, 2021a) by the Requires Redesign attribute 785 

(electronic supplement Table S1). The assumed times include the time it takes to find an 786 

engineer and for them to gain familiarity with the project (engineering mobilization time), and 787 

for the design work to be completed enough to begin repairs (engineering design time). 788 

Engineering mobilization and design times are triggered independently for each system that 789 

requires redesign; the provided time estimates are based on the judgment of practicing 790 

engineers. The mobilization time is assumed to be 1 day if the owner has an engineer on retainer 791 

and 2 weeks otherwise (affected by a surge factor if the event affects a large region).  792 

Table 4. Financing impeding times. 793 
Condition System Trigger Median Impeding Time 
Insurance All RC > COH Doesn’t Control (see private loan time) 

Private loans All RC > COH 60 days 
SBA-backed loans All RC > COH 60 days* 

  *Affected by demand surge if event damages a large region 794 

The median time to complete engineering design work is assumed to be proportional to the 795 

total cost of the repairs and is estimated by the system design time defined in Equation 1. 796 

 𝑆𝐷𝑇 =
𝑅𝐶!"!#$ × 𝑓
𝑟 × 𝑡	 × 𝑤  ( 1 ) 

Where SDT is the system design time in days, RCtotal is the total repair cost from the FEMA 797 

P-58 analysis, f is the design fee ratio – estimated as 4% for repair projects, r is the engineering 798 

rate – estimated as $175 per hour, t is a team factor accounting for parallel time spent on the 799 

project from other team members – estimated as 1.3, and w is average workday – estimated as 800 

8 hours per day; the estimated values for calculated SDT are based on the judgment of structural 801 

engineers. For each system affected by engineering design impedance, maximum and 802 

minimum SDT values are provided in Table 5. We assume that having an engineer on retainer 803 

only reduces engineering mobilization times and not engineering design time. 804 

Table 5 – Engineering design times. 805 

System Trigger  Median 
Impeding Time Min Time* Max Time* 

Structure  Triggered for this system if any 
system damage requires re-design 

SDT 2 weeks 6 months 
Stair SDT 1 week 1 month 



 

 

Exterior SDT 1 week 3 months 
*Bound on median time  806 

Permitting 807 
Permitting is assumed to take place after engineering design is complete. Two levels of 808 

permits are considered (Table 6). Over-the-counter permits are for items that do not require 809 

significant review and are assumed to only take one day (median). Full review permits are for 810 

more heavily damaged systems that require complicated repair measures, such as damage to 811 

the significant structural, cladding, or stair damage and requires eight weeks (median). The 812 

type of permit required for each damage state is identified by the Permit Type attribute 813 

(electronic supplement Table S1). Both permit types block the start of repairs for any system 814 

that has damage requiring permitting. The values provided in for full review permits are similar 815 

to the estimates reported by Terzic and Kolozvari (2020) and Almufti and Willford (2013). 816 

Table 6. Permitting times. 817 
System Trigger  Median Impeding 

Time 
All systems 

needing permitting 
Triggered if any system damage 
requires "over-the-counter" permitting 1 day 

All systems 
needing permitting 

Triggered if any system damage 
requires "full review" permitting 8 weeks* 

       *Affected by demand surge if event damages a large region 818 

Contractor Mobilization 819 
Contractor mobilization times account for the time to arrange for general and/or sub-820 

contractors to arrive on site. Contractor mobilization times are determined independently for 821 

each building system and are assumed to occur in parallel; a building with a greater number of 822 

damaged systems is anticipated to have greater overall impedance. The values provided in 823 

Table 7 generally range between the contractor mobilization estimates reported by Terzic and 824 

Kolozvari (2020) at the lower end, and Almufti and Willford (2013) at the upper end. Given 825 

the significant uncertainty in predicting contractor mobilization time, we assume that the time 826 

is uniformly distributed between the minimum and maximum time; users can replace these 827 

estimates if better estimates from contractors are available.  828 

Table 7. Contractor mobilization times. 829 
Condition System Trigger Min Time* Max Time* 

No contractor on retainer 

Structure any system damage 4 weeks 12 months 
Stair any system damage 2 weeks 6 months 

Exterior any system damage 2 weeks 6 months 
All other systems any system damage 5 days 2 months 

Contractor on retainer 
Structure any system damage 1 week 6 months 

Stair any system damage 5 days 3 months 



 

 

Exterior any system damage 5 days 3 months 
All other systems any system damage 1 day 1 month 

  *Affected by demand surge if event damages a large region 830 

REPAIR SCHEDULE 831 

The proposed repair schedule algorithm translates component-level repair times from the 832 

FEMA P-58 (2012; 2018) database (i.e., worker days) to building-level repair times, taking 833 

into the consideration worker allocations, construction constraints, delays in the start or repairs, 834 

and owner priorities (2012; 2018). The repair schedule algorithm accounts for critical 835 

construction constraints and details, breaking down repairs by system and scheduling crews to 836 

each damaged building system, based on the assumed available workers and prioritization of 837 

repairs. The repair schedule presented here adopts much of the structure and worker 838 

assumptions from the repair schedule algorithm developed by Yoo (2016), with several 839 

modifications to repair constraints, prioritization, and optimization. 840 

The repair schedules algorithm allocates crews of workers to repair to the damaged 841 

components, beginning with the highest priority unconstrained system at the first story. The 842 

number of workers assigned to each system is based on assumptions about the number of crews, 843 

crew sizes for different building systems/trades, and worker limits for both the floor and the 844 

building. If there are still workers available, the algorithm moves first to repair the most highly 845 

prioritized unconstrained system in other stories, repairing in parallel, and second to the most 846 

highly prioritized unconstrained system at that story. Workers are allocated to repairs until a 847 

construction constraint or maximum worker limit is reached. Additional crews and repairs must 848 

wait until there are enough available workers (i.e., room in the building) to begin repairs, 849 

representing bottleneck and float items in an actual repair schedule. Once workers finish with 850 

a system, more room becomes available for additional workers to be allocated to an un-repaired 851 

system until the building is fully repaired. Impeding factors may also constrain the start of 852 

system repairs; if workers are available, but a system is constrained by an impeding factor, 853 

workers will be allocated to the next highest priority unconstrained system.  854 

Prioritization of Repairs for Recovery of Function 855 
This repair schedule algorithm assumes that an owner and the repair team prioritize 856 

restoration of function where practical, meaning that actions that restore function are taken first 857 

unless there is some logical construction constraint (e.g., partition damage that affects function 858 

would be repaired before external aesthetic damage, but not before structural repairs on a given 859 

story, due to construction constraints). The algorithm begins with a default repair prioritization, 860 



 

 

provided in Table 8. In the assessment, this list is adjusted to prioritize functional recovery, per 861 

each realization; systems whose damage is not impairing function are moved down the list. 862 

Systems that are prioritized maintain their same relative priority with other systems that also 863 

affect function. Uncertainties in the prioritization scheme are not presently considered. 864 

Table 8. Default prioritization of building systems in repair schedules. This list is updated based on 865 
which system(s)’ damage affects function. 866 

System 
ID System Default Repair 

Priority 
Number of Damaged 

Units per Crew 
Max. Number of Crews 
per Component Type 

1 Structural 1 10 10 
2 Exterior Enclosure 5 10 2 
3 Interior Components 9 

All 1 
 

4 Stairs and Doors 2 
5 Elevators 7 
6 Water/Plumbing 3 
7 Electrical/Power 4 
8 HVAC 6 
9 Fire Suppression 8 

Worker Allocations 867 
Worker crew sizes and allocations are based on primarily on Yoo (2016), who conducted 868 

interviews with a small number of contractors in California. These assumptions are reported in 869 

Table 8. For each building system, the required crew sizes for various components are 870 

determined based on the severity of component damage (quantified by the average damage 871 

state per story in a given realization), and the number of crews is based on the number of 872 

damaged components. The required crew sizes for each damage state are provided in data 873 

tables in the code repository. When assigning crews to repair system damage, the number of 874 

crews assigned fluctuate depending on worker limitations and construction constraints. 875 

However, the crew sizes for various types of damage remains constant.  876 

Construction Constraints 877 
The repair scheduling algorithm is limited by an assumed maximum number of workers at 878 

a given floor, maximum workers on site, maximum number of crews per system, and 879 

construction sequence constraints. Workers are limited to 1 worker per 1000 sq. ft. at any given 880 

story (FEMA 2012; 2018) and limited to 20 to 260 workers on the site, depending on the size 881 

of the building (REDi, 2013). The maximum number of crews per system are based on the 882 

example worker allocations provided by Yoo (2016). Besides the worker limits, there are no 883 

restrictions on how many stories can be repaired at once. 884 

The repair scheduling algorithm additionally requires that interior finishes at a particular 885 

story are never repaired before structural components at the same story, even if the interior 886 



 

 

finishes are affecting function. Finally, if the structure is red tagged, the structural components 887 

must be repaired first, starting at the bottom story, until all the structural components are 888 

repaired for the whole building. Structural repairs among multiple stories can occur in parallel, 889 

as long as worker limitations are satisfied (Figure 11). 890 

 891 
Figure 11. Flowchart illustrating the proposed repair schedule algorithm. 892 

RECOVERY TIME ILLUSTRATION AND UNCERTAINTIES 893 

All of the impeding and temporary repair times are random variables. Contractor 894 

mobilization are assumed to be uniformly distributed between the provide minimum and 895 

maximum values; all other times follow a truncated lognormal distribution, truncated at +/-2 896 

standard deviations in natural logarithm space, with median values as described in the tables 897 

above and a lognormal standard deviation of 0.6. Crew sizes and worker allocation limits are 898 

treated deterministically, but repair times for components are randomly generated from the 899 

component worker-day repair times in the FEMA P-58 database (FEMA 2012; 2018).  900 

The time to achieve a building performance state, considering impeding times and the 901 

repair schedule, is illustrated for a single realization of the Monte Carlo simulation in Figure 902 

12. In this example, initial function is restored to portions of the building after some initial 903 

temporary repairs and the repair of the HVAC system; function is restored to the upper stories 904 

of the building when the elevator is repaired 175 days after the earthquake. 905 



 

 

METHOD LIMITATIONS 906 

While the proposed framework for assessing functional recovery provides a novel approach to 907 

relate component-level damage to system-level performance and then to building-level 908 

function, it is important to note that many of the assertions as to the severity and extent of 909 

damage that would hinder the occupancy or function of a building or tenant are based on 910 

engineering judgment, due to the scarcity of empirical data on building functional recovery. 911 

Nevertheless, we attempt to build a “ground-up approach,” targeting the underlying 912 

fundamental causes of loss of function in a building, e.g., loss of a critical building system or 913 

ratio of usable interior area. We used engineering judgement to provide default values for each 914 

decision variable within the proposed method in such a way that any building that can be 915 

analyzed using FEMA P-58 (2012; 2018), can also be assessed for functional recovery using 916 

the current assumptions; many of these assertions can easily be modified by a future user of 917 

the method in the companion code repository.  918 

 919 
Figure 12. Example output of recovery time module, showing recovery trajectories for a single 920 

realization of the functional recovery assessment. 921 

Throughout the method, we define several damage acceptance thresholds to help facilitate 922 

mapping of component damage to system- and building-level performance; for example, more 923 

than 50% of the building entrance and exit doorway must be accessible to maintain safe egress, 924 



 

 

and no more than 10% of an interior space may contain falling hazards. These thresholds are 925 

simplifying assumptions intended to represent inherent redundancies in various building 926 

systems. Each of these assumptions in the proposed method is documented in Table S2 of the 927 

electronic supplement; future user of the proposed method may choose to modify or replace 928 

these thresholds based on available data. 929 

Several sources of damage and loss of function are not currently considered in this study, 930 

such as flooding or external lifelines, and could be added for a more complete assessment. 931 

Component damage and consequences not covered in the existing FEMA P-58 Database (2012; 932 

2018) are also not currently considered. Impeding times do not consider long lead time 933 

components, nor the time needed to procure and set up temporary elevators and cranes. 934 

Additionally, decisions made in the development of the proposed method were calibrated with 935 

U.S. construction in mind. 936 

The proposed method is designed to be modular in nature. Future users of the method can 937 

the replace repair schedule and impeding factor algorithms with updated methods, remove or 938 

replace temporary repair logic, add additional systems and associated fault trees, modify 939 

branches of the provided fault trees, and easily update component damage attributes or modify 940 

thresholds to suit the needs of their project. Work is ongoing to integrate external factors, such 941 

as availability of power, gas, and telecommunication, in this framework. While the 942 

fundamental framework proposed is widely applicable, assumptions regarding the repair 943 

scheduling algorithm, worker allocations, impeding factors, damage thresholds, and specific 944 

component fragility and damage consequences should continue to be revised as better data 945 

becomes available, paying special attention to applications beyond U.S. construction. 946 

CONCLUSIONS 947 

The long-term effects that disasters have on communities have motivated engineers and 948 

policy makers to seek new methods of improving community resilience through the 949 

development of building standards focused on improving a building’s capacity to avoid, or 950 

quickly recovery from, loss of building function after a hazard event (EERI, 2019; NIST & 951 

FEMA, 2021). This paper describes a new performance-based assessment method, based on 952 

the architecture of PBEE as implemented in FEMA P-58 (2012; 2018), to explicitly quantify 953 

the building performance in terms of reoccupancy, function, and full repair, including the time 954 

to regain these performance states, thereby operationalizing this concept.  955 



 

 

The proposed method probabilistically quantifies each building performance state, 956 

considering the operational performance of individual systems within the building and the 957 

occupancy- and tenant-specific requirements of those systems. To map component-level 958 

damage to building-level performance states, the method aggregates component damage into 959 

building systems, and presents a series of fault trees to define the explicit relationships between 960 

component-level damage, system-level operation, and building-level performance, considering 961 

safety, access, and function. The unit of analysis is the tenant unit, facilitating the quantification 962 

of partial building function when applicable. A building’s recovery trajectory over time is 963 

assessed with a repair schedule that prioritizes restoration of function, and considers impeding 964 

factors and temporary repairs, and is sensitive to the level of building damage.  965 

The method leverages component-level fragility and damage consequences data assembled 966 

in FEMA P-58 (2012; 2018) and builds upon that data to provide the component-level and 967 

system-level data needed for engineers to perform probabilistic functional recovery 968 

assessments. The method is intended to quantify and identify specific damage and response 969 

characteristics leading to the loss of building function, with the intent of facilitating the design 970 

and retrofit of resilient structures, supporting resilience-based policies and design standards 971 

that are of national and local interest. 972 

ACKNOWLEDGMENTS  973 

We gratefully acknowledge contributions from Edward Almeter, Katie Wade, Negar 974 
Mohammedgholibeyki and Amir Safiey, as well as the ATC 138 Project Technical Committee: Bob 975 
Hanson, Ron Hamburger, Jon Heintz, John Hooper, Ryan Kersting, and David Mar. Funding for this 976 
work was provided by NIST Disaster Resilience Grant, No. 70NANB19H058. Additional work forming 977 
the basis for this publication was conducted under to a contract with the Applied Technology Council, 978 
funded by FEMA. The substance of such work is dedicated to the public. The author(s) are solely 979 
responsible for the accuracy of statements or interpretations contained in this publication. No warranty 980 
is offered with regard to the results, findings and recommendations contained herein, either by NIST, 981 
FEMA, the Applied Technology Council, its directors, members or employees. These organizations 982 
and individuals do not assume any legal liability or responsibility for the accuracy, completeness, or 983 
usefulness of any of the information, product or processes included in this publication.  984 

REFERENCES 985 

Aghababaei, M, Koliou, Pilkington, S, Mahmoud, H, van de Lindt, J.W., Curtis, A., et al. (2020). 986 
Validation of time-dependent repair recovery of the building stock following the 2011 Joplin 987 
Tornado. Natural Hazards Review, 21(4).  988 

Alesch, D. J., & Holly, J. N. (1998). Small business failure, survival and recovery: lessons from the 989 
January 1994 Northridge Earthquake. In NEHRP Conference and Workshop on Research on the 990 
Northridge, California Earthquake of January (Vol. 17, p. 1994). 991 

Almufti, I., Krolicki, J., & Crowther, A. (2016). The resilient-based design of the 181 Fremont Tower. 992 
Structure Magazine.  993 



 

 

Almufti, I., & Willford, M. (2013). REDi Rating System: Resilience-based earthquake design 994 
initiative for the next generation of buildings. 995 
https://www.arup.com/perspectives/publications/research/section/redi-rating-system 996 

Applied Technology Council. (1989). ATC-20: Procedures for post-earthquake safety evaluation of 997 
buildings. Redwood City, CA. 998 

Applied Technology Council. (2000). ATC-38: Database on the performance of structures near 999 
strong-motion recordings: 1994 Northridge, California, earthquake. Redwood City, CA. 1000 

Applied Technology Council. (2005). ATC-20 Second Edition: Procedures for post-earthquake safety 1001 
evaluation of buildings. Redwood City, CA. 1002 

Blaikie, P., Cannon, T, Davis, I and Wisner, B. (1994) At Risk: Natural hazards, people’s 1003 
vulnerability and disasters. Routledge.  1004 

Bonowitz, D. (2011). Resilience Criteria for Seismic Evaluation of Existing Buildings. A 2008 1005 
Special Projects Initiative Report to Structural Engineers Association of Northern California, 1006 
SEAONC. 1007 

Bruneau, M., Chang, S. E., Eguchi, R. T., Lee, G. C., O'Rourke, T. D., Reinhorn, A. M., ... & Von 1008 
Winterfeldt, D. (2003). A framework to quantitatively assess and enhance the seismic resilience 1009 
of communities. Earthquake spectra, 19(4), 1010 

Burton, H., Kang, H., Miles, S., Nejat, A., & Yi, Z. (2019). A framework and case study for 1011 
integrating household decision-making into post-earthquake recovery models. International 1012 
Journal of Disaster Risk Reduction, 37.  1013 

Burton, H. V., Deierlein, G., Lallemant, D., & Lin, T. (2015). Framework for incorporating 1014 
probabilistic building performance in the assessment of community seismic resilience. Journal of 1015 
Structural Engineering, 142(8).  1016 

Burton, H. V., Miles, S. B., & Kang, H. (2018). Integrating performance-based engineering and urban 1017 
simulation to model post-earthquake housing recovery. Earthquake Spectra, 34(4).  1018 

California Legislature. Assembly Bill 1329 (2021); available at 1019 
https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=202120220AB1329. 1020 

Ceskavich, R., & Sasani, M. (2018). Methodology for evaluating community resilience. Natural 1021 
Hazards Review, 19(1).  1022 

Chang, S. E. (2010). Urban disaster recovery: a measurement framework and its application to the 1023 
1995 Kobe earthquake. Oxford: Blackwell Publishing.  1024 

Chang, SE and Falit-Baiamonte, A. (2002) Disaster vulnerability of businesses in the 2001 Nisqually 1025 
earthquake. Global Environmental Change Part B: Environmental Hazards, 4(2). 1026 

Cimellaro, G. P., & Piqué, M. (2016). Resilience of a hospital emergency department under seismic 1027 
event. Advances in Structural Engineering, 19(5), 825–836.  1028 

Comerio, M. C. (2000). Paying for the big one. Issues in Science and Technology.  1029 
Comerio, M. C. (2006). Estimating downtime in loss modeling. Earthquake Spectra, 22(2).  1030 
Comerio, M. C., & Blecher, H. E. (2010). Estimating downtime from data on residential buildings 1031 

after the Northridge and Loma Prieta earthquakes. Earthquake Spectra, 26(4), 951–965.  1032 
Cook, D. T., Liel, A. B., DeBock, D. J., & Haselton, C. B. (2021). Benchmarking FEMA P-58 repair 1033 

costs and unsafe placards for the Northridge Earthquake: Implications for performance-based 1034 
earthquake engineering. International Journal of Disaster Risk Reduction, 56. 1035 

Cook, D.T. (2021a). PBEE-Recovery: Matlab codebase for quantifying building-specific functional 1036 
recovery and reoccupancy based on a probabilistic performance-based earthquake engineering 1037 
framework. Available for download at https://github.com/OpenPBEE/PBEE-Recovery 1038 

Cook, D.T. (2021b). Advancing performance-based earthquake engineering for modern resilience 1039 
objectives. PhD Dissertation, University of Colorado Boulder. 1040 

Cremen, G., Seville, E., & Baker, J. W. (2020). Modeling post-earthquake business recovery time: An 1041 
analytical framework. International Journal of Disaster Risk Reduction, 42. 1042 

Dahlhamer, J. M., & Tierney, K. J. (1998). Rebounding from disruptive events: business recovery 1043 
following the Northridge earthquake. Sociological spectrum, 18(2). 1044 

Davis, C. A. (2019). Infrastructure system resilience: Functionality and operability. In 2nd 1045 
International Conference on Natural Hazards & Infrastructure. Chania, Greece: ICONHIC.  1046 



 

 

Davis, M., & Porter, K. (2016). The public's role in seismic design provisions. Earthquake 1047 
Spectra, 32(3). 1048 
Deierlein, G. G., & Moehle, J. (2004). A framework methodology for performance-based earthquake 1049 

engineering. In 13th World Conference on Earthquake Engineering. Vancouver.  1050 
Deierlein, G.G., Yen, W.Y., Hulsey, A.M., Galvis, F., Baker, J.W., Molina Hutt, C. Safety of tall pre-1051 

Northridge steel frame buildings and implications on cordoning and recovery. In 17th World 1052 
Conference on Earthquake Engineering. Sendai, Japan. 1053 

EERI. (2019). Functional recovery: A conceptual framework with policy options. Earthquake 1054 
Engineering Research Institute.  1055 

Eguchi, R. T., & Chang, S. E. (1996). Losses associated with building damage in Memphis. In 1056 
Eleventh World Conference on Earthquake Engineering. Earthquake Engineering Research 1057 
Institute. 1058 

FEMA. (2012). FEMA P-58: Seismic performance assessment of buildings. Federal Emergency 1059 
Management Agency. Washington D.C. 1060 

FEMA. (2018). FEMA P-58: Seismic performance assessment of buildings: Second edition. Federal 1061 
Emergency Management Agency. Washington D.C.  1062 

FEMA. (2019). FEMA P-2055: Post-disaster building safety evaluation guidance – Report on the 1063 
current state of practice, including recommendations related to structural and nonstructural safety 1064 
and habitability. Federal Emergency Management Agency. Washington D.C.  1065 

Fussell, J. B., Powers, G. J., & Bennetts, R. G. (1974). Fault trees: A state-of-the-art discussion. IEEE 1066 
Transactions on Reliability, 23(1), 51-55. 1067 

Hulsey, A.M, Deierlein, G.G. and Baker, J.W. (2018). Quantifying the post-earthquake downtime 1068 
induced by cordons around damaged tall buildings. In 11th National Conference on Earthquake 1069 
Engineering, Los Angeles.  1070 

International Code Council. (2009). IBC 2009: International Building Code. 1071 
Jacques, C. C., McIntosh, J., Giovinazzi, S., Kirsch, T. D., Wilson, T., & Mitrani-Reiser, J. (2014). 1072 

Resilience of the Canterbury hospital system to the 2011 Christchurch earthquake. Earthquake 1073 
Spectra, 30(1), 533–554.  1074 

Kang, H., Burton, H. V., & Miao, H. (2018). Replicating the recovery following the 2014 south Napa 1075 
Earthquake using stochastic process models. Earthquake Spectra, 34(3).  1076 
Kroll, C. A., Landis, J. D., Shen, Q., & Stryker, S. (1991). Economic impacts of the Loma Prieta 1077 

earthquake: a focus on small business. 1078 
Lanzano, G., Salzano, E., de Magistris, F. S., & Fabbrocino, G. (2013). Seismic vulnerability of 1079 

natural gas pipelines. Reliability Engineering & System Safety, 117, 73-80. 1080 
Liel, A. B., & Deierlein, G. G. (2013). Cost-benefit evaluation of seismic risk mitigation alternatives 1081 

for older concrete frame buildings. Earthquake Spectra, 29(4). 1082 
Lin, P., & Wang, N. (2017a). Stochastic post-disaster functionality recovery of community building 1083 

portfolios I: Modeling. Structural Safety, 69, 96–105.  1084 
Lin, P., & Wang, N. (2017b). Stochastic post-disaster functionality recovery of community building 1085 

portfolios II: Application. Structural Safety, 69, 106–117. 1086 
Marquis F, Kim JJ, Elwood KJ, Chang SE. Understanding post-earthquake decisions on multi-storey 1087 

concrete buildings in Christchurch, New Zealand. Bulletin of Earthquake Engineering 2017; 1088 
15(2). 1089 

Masoomi, H., Burton, H., Tomar, A., & Mosleh, A. (2020). Simulation-based Assessment of post-1090 
earthquake functionality of buildings with disruptions to cross-dependent utility networks. 1091 
Journal of Structural Engineering, 146(5).  1092 

Mieler, M., Stojadinovic, B., Budnitz, R., Comerio, M., & Mahin, S. (2015). A framework for linking 1093 
community- resilience goals to specific performance targets for the built environment. 1094 
Earthquake Spectra, 31(3), 1267–1283.  1095 

Mieler, M. W., & Mitrani-Reiser, J. (2017). Review of the state of the art in assessing earthquake-1096 
induced loss of functionality in buildings. Journal of Structural Engineering, 144(3).  1097 

Mieler, Mike W, Uma, S. R., & Mitrani-Reiser, J. (2016). Using failure analysis tools to establish 1098 
seismic resilience objectives for building components and systems. Bulletin of the New Zealand 1099 



 

 

Society for Earthquake Engineering, 49(1).  1100 
Miles, S. B., Burton, H. V., & Kang, H. (2018). Community of Practice for Modeling Disaster 1101 

Recovery. Natural Hazards Review, 20(1).  1102 
Miles, S. B., & Chang, S. E. (2011). Resil US: A community-based disaster resilience model. 1103 

Cartography and Geographic Information Science, 38(1), 36–51. 1104 
Mitrani-Reiser, J., Mahoney, M., Holmes, W. T., De La Llera, J. C., Bissell, R., & Kirsch, T. (2012). 1105 

A functional loss assessment of a hospital system in the Bío-Bío province. Earthquake Spectra, 1106 
28(1).  1107 

Molina Hutt, C., Rossetto, T., & Deierlein, G. G. (2019). Comparative risk-based seismic assessment 1108 
of 1970s vs modern tall steel moment frames. Journal of Constructional Steel Research, 159, 1109 
598–610.  1110 

NIST & FEMA. (2021). NIST-FEMA Special Publication FEMA P-2090/NIST SP-1254: 1111 
Recommended options for improving the built environment for post-earthquake reoccupancy and 1112 
functional recovery time. National Institute of Standards and Technology. Gaithersburg, MD. 1113 

NIST (2018). NIST Special Publication 1224: Research needs to support immediate occupancy 1114 
building performance objective following natural hazard events. National Institute of Standards 1115 
and Technology. Gaithersburg, MD. 1116 

NIST. (1999). 1994 Northridge earthquake. Disaster Prevention and Management: An International 1117 
Journal, 8(1), 843–853.  1118 

Paul, N., Lee, J., Mieler, M., and Almufti, I. (2018). Improving estimates of earthquake-induced 1119 
downtime in individual buildings using the REDi methodology. Structures Congress, Fort Worth, 1120 
TX. 1121 

Petak, WJ, and Elahi, S (2001). The Northridge earthquake, USA, and its economic and social 1122 
impacts. EuroConference on Global Change and Catastrophe Risk Management Earthquake 1123 
Risks. Laxenburg, Austria. 1124 

 Porter, K. A. (2003). An Overview of PEER’s performance-based earthquake engineering 1125 
methodology. In 9th International Conference on Application in Statistics and Probability in 1126 
Civil Engineering. San Francisco.  1127 

Porter, K. A. (2016a). Safe enough? A building code to protect our cities and our lives. Earthquake 1128 
Spectra, 32(2).  1129 

Porter, K. (2016b). Not safe enough: the case for resilient seismic design. In Proc, 2016 SEAOC 1130 
Convention. 1131 

Porter, K., & Ramer, K. (2012). Estimating earthquake-induced failure probability and downtime of 1132 
critical facilities. Journal of Business Continuity and Emergency Planning, 5(4).  1133 

Sattar, S, Mahoney, M, Kersting, R, Heintz, J, Johnson, K, Arendt, , et al. (2020) Recommended 1134 
options for improving the functional Recovery of the built environment. In 17th World 1135 
Conference on Earthquake Engineering, Sendai, Japan.  1136 

Spence, R., So, E., Jenkins, S., Coburn, A., & Ruffle, S. (2011). A global earthquake building damage 1137 
and casualty database. In Human Casualties in Earthquakes (pp. 65-79). Springer, Dordrecht. 1138 

SPUR (2012). Safe enough to stay. https://www.spur.org/publications/spur-report/2012-02-01/safe-1139 
enough-stay 1140 

Terzic, V., & Kolozvari, K. (2020). Evaluation of post-earthquake functional recovery for a 42-Story 1141 
building located in Los Angeles. In 2020 Los Angeles Tall Buildings Structural Design Council 1142 
Conference, Los Angeles.  1143 

Terzic, V., & Villanueva, P (2021). Method for probabilistic evaluation of post-earthquake 1144 
functionality of Building Systems. Engineering Structures, 241.  1145 

USRC. (2015). USRC Building Rating System for earthquake hazards, Implementation Manual. U.S. 1146 
Resiliency Council.  1147 

Van De Lindt, J.W., Peacock, W.G., Mitrani-Reiser, J., Rosenheim, N., Deniz, D., Dillard, M., 1148 
Tomiczek, T., Koliou, M., Graettinger, A., Crawford, P.S. and Harrison, K., 2020. Community 1149 
resilience-focused technical investigation of the 2016 Lumberton, North Carolina, flood: An 1150 
interdisciplinary approach. Natural Hazards Review, 21(3). 1151 



 

 

Yavari, S., Chang, S. E., & Elwood, K. J. (2010). Modeling post-earthquake functionality of regional 1152 
health care facilities. Earthquake Spectra, 26(3), 869–892.  1153 

Yoo, D. Y. (2016). Repair time model for different building sizes considering the earthquake hazard. 1154 
Thesis for the Degree of Master of Science. California State University, Long Beach. 1155 


