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ABSTRACT1 

Earthquakes are one of the most destructive natural disasters with devastating consequences on 
people and their supporting infrastructure. To improve the post-earthquake recovery process, 
building systems essential for providing continued operation should be protected by improved 
building design. This study presents a novel, probabilistic, building-level framework for modeling 
and evaluation of the entire recovery process, expressed by duration and speed of functional 
recovery. The proposed framework is in line with the probabilistic PBEE methodology and is 
based on FEMA P-58 damage assessment results. It has a modular structure that allows easy 
extension and addition of new components. The unique feature of the framework is its capability 
to generate a functional recovery curve and to isolate 1) the contributors to the interrupted building 
operation and 2) building components that dominate the recovery process. As demonstrated in the 
case study of an existing 13-story building, the outcomes of the recovery evaluation can be 
effectively used as a guide for the development of earthquake mitigation strategies and 
design/retrofit solutions to improve the seismic performance. 
     
Keywords: functionality limit state, detailed inspection limit state, repair time model, mobilization 
time model    
 

1. INTRODUCTION 

The Performance-Based Earthquake Evaluation (PBEE) methodology, described by Miranda and 

Aslani (2003), provides a probabilistic assessment framework to quantify performance metrics 

meaningful to decision-makers, stakeholders, and insurers (e.g., repair cost, recovery time, return 

on investment). Application of this methodology requires characterization of seismic hazard for a 

particular location, a reliable numerical model of a soil-foundation-structure system, classification 

 
 



of damage states using fragility curves, and estimation of consequences using appropriate 

consequence functions. Recently, Federal Emergency Management Agency [FEMA]  P-58 

initiative (FEMA, 2018a) adopted PBEE for general use by developing a comprehensive library 

of peer-reviewed fragility curves and associated consequence functions considering more than 700 

structural and nonstructural building components, using standard methods (Porter et. al., 2001) 

and published data. Although this methodology represents a step forward in resilient design, there 

is, however, a lack of appropriate functional recovery models essential for measuring buildings’ 

resilience. 

In 2010, Cimellaro, Reinhorn, and Bruneau introduced a quantitative method for evaluating 

the resiliency of a building utilizing the resiliency index.  The resiliency index represents the 

capability of a building to sustain a desirable level of functionality over a period of time determined 

by owners or society.  This index can be calculated as the normalized area under the recovery 

curve of a system defined by recovery time and a recovery path (Figure 1).  The recovery path is 

the path that a particular neighborhood or a community takes to recover from a natural disaster. 

The recovery time is defined as the period necessary to restore the functionality of a structure or 

an infrastructure system, to the desired level that can operate or function in the same, close to, or 

at better than the original state.  It is a random variable with high uncertainty that includes 

construction and business recovery and typically depends on earthquake intensity, building 

location, building occupancy, and available resources (e.g., capital, materials, and labor). After a 

natural disaster, the functionality might be reduced but can be regained to the desired level through 

a recovery process. A probabilistic building-level model for evaluation of post-earthquake 

recovery process is essential for evaluation of the effect of individual buildings on community 



resilience (Cimellaro et al., 2010; Burton et al., 2015; Terzic et al, 2016; Mieler et al. 2018, Sun et 

al. 2019). 

 
Figure 1. Schematic representation of the recovery curve for a building system after an 

earthquake. 
 
The recovery process is naturally derived from the mobilization time and repair time (as 

shown in Figure 1). Mobilization time precedes repair time and includes the time required for 

building inspection, site preparation, moving of occupants and building contents, providing 

engineering services, obtaining permits, securing financing, and acquiring essential material 

coupled with construction services (Comerio, 2006). On the other hand, repair time is the time 

required to perform the actual repairs of a structure.  Since recovery time is associated with the 

time to restore functionality, actual mobilization and repair times must be used in conjunction with 

building post-earthquake functionality limit state to project them into their recovery time 

contributions. The functionality limit state is derived from the damage states of building 

components and indicates the capacity at which the building can operate (function) right after an 

earthquake event. Finally, to model the entire recovery process of a building system, three integral 



models are required: 1) model for evaluation of post-earthquake functionality, 2) repair time 

model, and 3) mobilization time model. 

A new framework for modeling the functional recovery of a building system is depicted in 

Figure 2. The proposed recovery model (shown in red) is in line with the probabilistic PBEE 

framework and is intended to complement FEMA P-58 (FEMA, 2018a) performance assessment 

methodology. Unlike the currently available building-level recovery (and/or repair time) models 

that do not consider building’s post-earthquake functionality and inspection limit state and are 

based on fixed repair schedules (Mason et. al., 2000; FEMA, 2018a; Arup, 2013) and 

predetermined work-force irrespective of the amount and severity of damage (FEMA, 2018a; 

Arup, 2013), the proposed framework is highly flexible and has the following capabilities:  

1) it is applicable to any building size and ground shaking intensity,  

2) it explicitly evaluates the post-earthquake functionality limit state (FLS) and identifies 

damaged systems/components that reduce functionality utilizing the fault tree analysis,  

3) it evaluates post-earthquake detailed inspection limit state (DILS) and utilizes it in 

conjunction with FLS of building subsystems to evaluate time allocations for different 

mobilization activities,  

4) it can accommodate any repair schedule, and  

5) it allows for resource scheduling that meets resource limitations that can come either from 

labor congestions or from a surge in demand following a disaster. 

6) it generates a recovery curve (like the one schematically presented in Figure 1), providing 

the opportunity for explicit calculation of the resiliency index for a building.  

The model can be used in either the probabilistic performance-based seismic design of new 

buildings or for the evaluation of the existing buildings. The flexibility and robustness of the 



proposed framework are demonstrated on an existing 13-story office building described by Garza 

et al. (2018). 

 

Figure 2. Framework for modeling functional recovery in conjunction with PBEE/FEMA P-58 
methodology. The components of the recovery framework are shown in red. 

 
2. FRAMEWORK FOR MODELING FUNCTIONAL RECOVERY 

The proposed framework for modeling functional recovery is developed to provide: 1) flexibility 

and robustness; the model has a modular structure allowing for effortless extension and additions 

of new features, and 2) rapid evaluation; work-flows between structural analysis, damage analysis, 

post-earthquake FLS and DILS analysis, and repair and mobilization time analysis can be created 

to allow rapid evaluation of building’s recovery process. The following sections present in detail 

each of the integral moduli of the framework: 1) model for evaluation of post-earthquake 

functionality, 2) repair time model, and 3) mobilization time model.  

2.1 Probabilistic Model for Post-Earthquake Functionality  

To facilitate the development of the probabilistic functionality limit state (FLS) for a particular 

seismic hazard, the study utilizes a fault-tree for a complex building system, which is derived 

from interviews with facility managers and published work (Porter & Ramer 2012; Jacques et al 

2014; and Johnson et al 1999). The fault-tree analysis utilizes information on structural and 

nonstructural damage that can impair building function to determine the percent of the area 



within a building with restricted access. The information on damage states of building 

components is acquired from FEMA P-58 performance building analysis. To enable calculation 

of the post-earthquake functionality, the model utilizes user-defined limit state functions (LSFs) 

for building components to define the damage thresholds that partially and fully impair the 

building functionality. 

Generic fault tree of a complex building system. A generic fault tree, which relates the 

functionality of a complex building system to the state of its subsystems is shown in Figure 3. 

The top event is associated with the percent loss of building functionality and lower events 

represent the percent loss of function of subsystems. Note that the term “Fails” in the figure 

means either full or partial loss in building functionality as damage can fully or partially (locally) 

impair the building function. Lower events are represented by subsystems critical for 

maintaining the basic building function and include the core building systems (electrical power 

system, HVAC system, piping system, vertical transportation system, architectural systems, and 

structural system) as well as the lifeline and other systems (e.g., utility systems, critical building 

equipment, staff, and supplies). Each subsystem is related to the top event through an ‘or’ gate, 

indicating that the reduced functionality of any of the lower events reduces the functionality of 

the top event. Furthermore, each subsystem has its fault tree that relates the functionality of the 

subsystem to the damage state of its components.  

An example of the subsystem fault tree is presented in Figure 4 for the HVAC system (fault 

threes of all other subsystems can be found in Terzic and Villanueva 2020). The primary purpose 

of the HVAC system is to provide ventilation, and the secondary purpose is to provide air 

conditioning and heating if needed or desired. Air handling units (AHUs) supply air and exhaust, 

cooling towers support chillers in providing cool air to AHUs, boilers provide warm air to AHUs,  



HVAC ducting supplies air to the building’s zones or designated spaces, and the electrical system 

consisting of motor control centers (MCC) and power supply system provides power to the HVAC 

equipment. Note that power supply components are presented as a part of the fault tree of the 

power system (Terzic and Villanueva, 2020). While some facility managers may keep the building 

occupiable as long as ventilation is provided, others may also require air conditioning and/or 

heating. For this reason, heating and cooling systems can be turned on and off from the fault tree 

to accommodate different conditions. 

 

Figure 3. Generic fault tree for a complex building system. 

 
Figure 4. HVAC system fault tree. 

 



Procedure for establishing functionality limit state (FLS). In line with FEMA P-58 

methodology, the proposed model utilizes information on damage states of all building 

components generated through the Monte Carlo process to evaluate building performance for a 

large number (hundreds to thousands) of realizations to explore the effect of uncertainty on the 

predicted loss of functionality. For each possible damage state of the building (i.e., a realization 

of the Monte Carlo simulation) the loss of functionality for the entire building or functionally 

independent spaces (FISs, e.g., spaces owned by different entities) is expressed with the 

following outcomes:  

1. 0% loss of functionality; when all building subsystems are fully functional.  

2. X% (partial) loss of functionality (0 < X <100); when a function of some of the 

subsystems is compromised. Partial loss of functionality applies to cases when damage to the 

subsystems are localized, restricting access to the areas in the building affected by the damage 

while the rest of the building remains open and functional. 

3. 100% loss of functionality; when any of the critical subsystems fail. 

The functionality outcomes from all realizations are ordered from smallest to largest to construct 

a post-earthquake FLS (fragility function), which is expressed as a probability that “x” percent 

loss in functionality will be reached. This paper presents only the high-level procedure for the 

development of FLS, for the purpose of disseminating its results to the repair and mobilization 

time models. The low-level procedures pertinent to the specificities of different building 

subsystems are described in detail by Terzic and Villanueva (2020). 

Figure 5 provides a flowchart that illustrates the process for evaluating the loss in 

building’s functionality for one realization of the FEMA P-58 performance assessment 

simulation. The process initiates by the acquisition of data from existing FEMA P-58 



performance model and analysis results, it is followed by identifying damage states of building 

components that can impair functionality and establishing their LSFs (i.e., damage thresholds to 

partially and fully impair the building functionality), damage thresholds are next compared with 

the amount of component damage to assign the functionality tag to each building component 

(full loss, partial loss, or no loss), and is finalized with the calculation of the loss in system 

functionality utilizing the fault-tree analysis (the entire process is described in detail in Terzic & 

Villanueva, 2020).  

To evaluate the loss of functionality for the entire building, the percent area of the floor 

with compromised/lost function is first evaluated at every floor of the building for each 

subsystem. The total loss of functionality for a subsystem is then calculated as the average loss in 

functionality among all floors.  Finally, the loss of building functionality is expressed with one of 

the possible outcomes: no loss (0%), partial loss (X%), or full loss of functionality (100%). 

When partial loss of functionality is observed, two models are considered: 1) common area 

model, which assumes that damage to different subsystems affects the same area within a floor 

and  2) complementary area model, which assumes that damage to different subsystems affects 

different floor areas, which do not overlap. These assumptions are necessary at this time as the 

FEMA P-58 procedure does not provide information about the location of damaged components 

within a floor. While neither model is accurate, they bound the estimate of the partial loss of 

building functionality. While in the case of the common area model, the maximum loss in 

functionality from all subsystems at one floor is announced the loss in functionality for that floor, 

the complementary model calculates the loss of floor functionality as the sum of functionality 

losses from all subsystems at the floor, not to exceed 100%.  



 
Figure 5. Flowchart for evaluating the loss in functionality for one realization for the entire 

building or its functionally independent spaces (FISs). 



2.2 Repair Time Model  

The repair time model, which is one of the constituents of the recovery model, was developed in 

collaboration with general contractors to realistically reflect current construction practices 

accounting for differences between new construction and repairing earthquake-induced damage. 

While the repair activities and amount of resources in new building construction are likely to 

remain constant throughout the building, the repair tasks and resources assigned to each repair 

activity are likely to be different for each floor of the damaged building. This disparity in 

damage is due to the sporadic nature of earthquake-induced destruction. Additionally, in such 

situations, the available repair space is typically limited thus slowing down the construction 

process and reducing productivity. If an earthquake impacts a large urban area, the number of 

available workers may be reduced due to a surge in construction demand.    

The proposed repair time model, schematically presented in Figure 6, consists of two 

components: 1) Repair Scheduling and 2) Resource Scheduling. Repair scheduling can 

accommodate any repair sequencing and considers realistic labor allocations; whereas, resource 

scheduling provides an efficient way of reducing workers during labor congestions while 

minimizing its prolonging effect on the project duration. The flowchart for resource scheduling is 

provided in Figure 7. 

 

Figure 6. Schematics of repair time model for one realization of the Monte Carlo simulation 
process of FEMA P-58 assessment. 



 
 

 
Figure 7. Flowchart for resource scheduling for one realization of the Monte Carlo simulation 

process of FEMA P-58 assessment. 
 

The repair scheduling method for earthquake-damaged buildings is based on the Critical 

Path Method (CPM) and requires input from general contractors. The method uses as its inputs 

the logic network for repair project and labor allocations for different repair activities. The logic 

network for repair project is set by defining predecessor and successor relationships for all repair 

activities and by defining the number of floors repaired simultaneously for each repair activity; 

hence allowing for great flexibility in scheduling repair. Labor allocations are defined based on 

the severity and extent of damage to building components. For every building component, the 

number of damaged units and its damage state is extracted from FEMA P-58 analysis results and 

used to allocate realistic labor. These labor allocations are used to calculate repair durations of 

repair activities as repair times extracted from FEMA P-58 analysis results are based on one 

worker per repair activity. Repair times of all damaged components are next utilized within CPM 

to find the total duration of the repair project and required daily labor resources. If required daily 



resources exceed daily resource limits that may arise from labor congestion issues and/or 

resource-limited conditions, the proposed resource scheduling method would "stretch" the repair 

durations of congested activities by iteratively reducing the number of workers until resource 

limits are met (as presented in Figure 7). To minimize the impact of activity-stretching on the 

project duration, this method identifies and prioritizes activities based on their repair durations.  

An activity with the shortest repair time and the longest free float will be the first in line to which 

resource reduction will be applied. When reducing demand on resources, a minimum threshold is 

set for each activity to ensure that the number of workers is not below the smallest size of the 

crew required for the repair. An example that fully demonstrates the application of described 

methods for repair scheduling and resource scheduling is provided by Terzic et al. (2016). The 

main outcomes of the method are a repair time fragility function, Gantt chart for a selected 

realization, and daily resource allocations. Importantly, the Gantt chart can convey a multitude of 

useful information including the total repair time of the project, repair path, and repair activities 

that dominate the repair process. Examples of logic networks and labor allocations as a function 

of the severity of damage to building components are generated in collaboration with general 

contractors and presented and used in several case studies (Yoo 2016, Terzic & Mahin 2017, 

Terzic et al 2018, Kolozvari et al 2018, Garza et al 2018). 

The presented repair time model can be used in two ways: 1) to find the total repair time 

associated with all damaged components (stand-alone) and 2) to find the repair time and repair 

path associated with damaged components that can impair building operation (in conjunction 

with FLS). While its first application provides a complete picture of the repair process, the 

second application focuses on the functional recovery process. In this study, the repair time 



model will be used in conjunction with FLS to find the repair time and repair path associated 

with damaged components that can impair building operation.  

2.3 Mobilization Time Model 

Experience in recent disasters suggests that there is often a large time gap between the closure of 

a facility and the beginning of repairs. Comerio (2006) has named this period “the mobilization 

time” and was the first one to provide a simplified downtime assessment methodology that 

includes both mobilization and repair time. The methodology relates the severity of damage and 

size of the building to downtime based on the collective experience of engineering and 

architectural practitioners. Mitrani-Reiser (2007) has adopted the methodology proposed by 

Comerio (2006) within the PEER PBEE framework, where mobilization time is defined in a 

simple form by mapping the damage state of the building into a safety-tag (e.g., green, yellow, 

red), based on which mobilization time is conditioned using collective experience. Following the 

release of the first set of FEMA P-58 reports in 2012, ARUP adopts FEMA P-58 methodology 

and publishes a REDi report (2013) that proposes a new downtime model where mobilization 

time is estimated based on the damage state of the most severely damaged component within a 

building, irrespective of the number of components with such damage. Naturally, the model 

provides very conservative estimates of the mobilization time, and consequently downtime. 

Conservativism of the REDi downtime method is depicted in Haselton’s (2019) case study that 

presents REDi downtime estimates for different designs of a tall building. In the case study, the 

initial code-compliant building design is improved significantly by increasing the strengths of the 

lateral load resisting system and equipment anchorage by 50%, and by reducing the design 

interstory drift ratio from 2% to 1%. However, according to the REDi model, these significant 



structural and nonstructural improvements resulted in an only minor reduction of the median 

downtime at a DBE level, from about 22 months to 17 months, which seems unreasonable.  

This paper describes the mobilization time model which is an extension of the model 

proposed by Terzic et al. (2015). The model is based on Comerio’s study (2006), complemented 

by FEMA 352 (FEMA, 2000) post-earthquake inspection strategies and information collected 

from interviews with general contractors, building inspectors, structural engineers, and facility 

managers that were greatly involved in the recovery of Los Angeles following the 1994 

Northridge earthquake.  

The flowchart shown in Figure 8 characterizes mobilization activities that contribute to 

functional recovery time. Immediately following an earthquake, preliminary (rapid) evaluation of 

the building may be necessary to determine whether a building has sustained either structural or 

nonstructural damage that results in hazardous conditions (FEMA, 2000). Based on the findings 

of this evaluation, the building is typically posted with a placard that indicates whether or not the 

building is safe and repairable. If the building is not repairable, as a result of large residual drifts, 

collapse, and/or significant structural and nonstructural damage such that the loss ratio is greater 

than 50% rendering it uneconomical to repair the building (FEMA, 2018a), recovery time is 

equal to the time required to replace the building. If the building is repairable but the damage is 

minor and to the extent that does not affect the operability (functionality loss is 0%), recovery 

time is 0. If only nonstructural damage has occurred within the building to the extent that it 

affects the building’s functionality (non-structural subsystems have partial loss of functionality), 

before initiation of repair the owner can simultaneously begin site preparation, building clean up, 

mobilizing a general contractor, and securing the necessary funding. If there is extensive 

nonstructural damage and/or major structural damage, a detailed inspection is needed.  Site 



preparation and clean up can occur simultaneously with the inspection. Following the inspection, 

the owner can simultaneously begin securing necessary funding and hiring architectural and 

engineering companies to prepare the necessary architectural and engineering drawings and 

calculations. With the completed drawings, while waiting for the approval for repair by local 

building authorities the owner can start mobilizing a general contractor and acquiring needed 

material. 

 

Figure 8. Schematic representation of the mobilization time model highlighting mobilization 
activities and their relationships based on the damage state of the building. 

 

To support the calculation of mobilization time, as presented in Figure 8, it is necessary 

to evaluate three probabilistic limit state functions: repairability limit state (RLS), detailed 

inspection limit state (DILS), and functionality limit state (FLS). While FEMA P-58 provides a 

methodology for evaluation of RLS, this paper proposes the procedure for evaluation of FLS 

(presented in Section 2.1) and DILS (described here). Consistently, DILS is developed by fault 

tree analysis, which utilizes information on structural and nonstructural damage of building 

components to evaluate if the detailed inspection is needed. The fault tree for the detailed 

inspection is derived from interviews with facility managers and building inspectors and is 

presented in Figure 9. A detailed inspection by structural engineers is typically requested if a 

building has significant structural damage that would result in unsafe placard or if there is severe 



damage to nonstructural subsystems (e.g., piping, ceiling, exterior walls, and partition walls) that 

can hint to the presence of structural damage. Table 1 provides damage state descriptions of 

nonstructural components (per FEMA P-58) that can trigger a detailed inspection. To enable 

calculation of the DILS, the model utilizes probabilistic user-defined limit state functions (LSFs) 

to define the damage thresholds for triggering a detailed inspection. For example, 10% of 

severely damaged partition walls (tearing or bending of the top track, tearing at corners with 

transverse walls, large gap openings, walls displaced) might be set as a median of LSF to trigger 

the detailed inspection.    

 

Figure 9. Fault tree for the limit state for detailed inspection. 

Table 1. Damage states of nonstructural components (per FEMA P-58) that can trigger a detailed 
inspection 

Component  Damage State Description 

Piping Large Leakage with major repair – 1 leak per 1000 feet of pipe. 

Ceilings 30% of ceiling grid and tile damage. 

30% of tiles dislodge and fall and T-bar grid damage. 

50% of ceiling grid and tile damage. 

Glazing/Curtain Walls The glass falls out from the frame. 

Cladding Cladding unit damaged by out of plane anchorage failure. The unit 
requires replacement. 

Failure of structural panels. 



Cold-Formed Steel Exterior 
Walls 

Failure of the wall. 

Failure of many framing members and collapse. 

Buckling of steel sheathing. Buckling of framing members. 

Partition Walls Buckling of studs and tearing of tracks. Tearing or bending of the top 
track, tearing at corners with transverse walls, large gap openings, walls 
displaced.  

 
It is to be noted that there is great uncertainty associated with the mobilization times of 

different mobilization activities when considered in a general sense, as they greatly depend on 

socio-political factors, the economy of the affected area, and the size and importance of the 

affected region. To account for this uncertainty, the mobilization activity times (shown blue in 

Figure 8) shall be modeled as lognormal functions and shall be selected considering many 

parameters including the severity of building damage, relative contributions of structural and 

nonstructural damaged components to the overall damage, building’s loss ratio, local economy, 

and importance and size of the building. Furthermore, to reduce the uncertainty associated with 

the estimate of mobilization time for a particular project, median estimates of mobilization 

activity times for different damage states of the building must be acquired from the building 

developers and their team. An example of damage states of a building that could be considered to 

properly evaluate mobilization time is presented in Section 3.3.  

In summary, the presented framework for modeling functional recovery is developed 

within the probabilistic PEER PBEE/FEMA P-58 framework and is applicable to individual 

building systems. The model has great flexibility and broad application, as it can capture unique 

features of each building system and construction/repair practices at the location of the building. 

To reduce the uncertainty of the functional recovery estimates, the model shall be populated with 

inputs acquired from the building developer, general contractor, facility manager, and engineers 

involved in the construction of the building. These inputs can be systematically collected at the 



beginning of the project in a fairly short time. Finally, it is to be noted that the presented 

framework can account for the effects of externalities (e.g., utilities) on functional recovery of a 

building if their fragility functions are available.     

3. DEMONSTRATION OF THE PROPOSED FRAMEWORK: A CASE STUDY 

The proposed framework for evaluation of functional recovery is demonstrated on an existing 13-

story building. To provide content to the data, this section includes the building description, 

structural analysis responses relevant for recovery analysis, description of building performance 

model per FEMA P-58, and definition of all user-defined inputs for recovery analysis. Finally, the 

results of the recovery analysis are presented and interpreted. 

3.1 Building Description 

The building selected for demonstration of the presented model for evaluation of functional 

recovery is a 13-story steel-framed building with one underground level located in downtown 

Los Angeles (California), built circa 1956. A recent study by Garza et al. (2018) provides a 

detailed description of the building and presents a performance assessment of the building in 

terms of repair loss and repair time considering three levels of earthquake hazard: 50% in 50 

years, 10% in 50 years, and 2% in 50 years. 

The selected building has a typical column layout of 20’ – 23’3” on center within a 

building footprint of 86’8” by 160’. It is framed with wide-flanged columns in each direction, 

and wide flanged beams typically spaced 6‘8” on center, supporting a 1½-inch deep metal deck 

with concrete fill for a total slab thickness of 3¾ inches. Unlike typical steel moment frames, this 

building used relatively shallow beam sections that constitute a moment connection at every 

beam-to-column joint in both directions. Hence there are many weak-axis moment-connections 

in this building that do not conform to the current building code requirements.  



Typical beam sections in the building’s long direction (X direction) range from W14x34 

to W16x71, and in the short direction (Y direction) from W12x22 and W14x48.  Columns change 

sizes every three floors with column splices on the 2nd, 5th, 8th, and 11th floor. Columns sizes 

ranging from W14x158 to W14x34 were used. The orientation of the column changes at alternate 

locations. According to the typical detail for column splices, the flanges are welded with CJP 

welds, while the web is bolted using erection angles. ASTM A7 steel (Fy =30ksi) was specified 

for all structural steel. 

3.2 Structural Analysis Responses Relevant for Performance Analysis  

A comprehensive 3D nonlinear model of the building was developed in OpenSees (modeling 

strategy is described in Graza et al, 2018) to simulate earthquake responses of the building for the 

sets of twenty pairs of horizontal ground motion records, one set for each of the considered hazard 

levels. 

To perform the recovery evaluation of the building, its structural responses are evaluated 

at 3 hazard levels (50% in 50 years, 10% in 50 years, and 2% in 50 years) utilizing the suite of 

twenty ground motions, individually selected for each hazard level. Figure 10 shows profiles of 

peak interstory drifts, residual drifts, and floor accelerations at the three considered hazard levels. 

At frequent earthquakes (50% in 50 years), structural response profiles are stable and fairly 

constant attaining interstory drifts of 0.5% and floor accelerations of 0.2g, accompanied by 

negligible residual drifts. On contrary, for rare and very rare earthquakes (10% in 50 years and 2% 

in 50 years), interstory drifts and residual drifts start to concentrate at the bottom half of the 

building, resulting in excessive structural responses. For example, at very rare earthquakes, 

interstory drifts exceed 3% and residual drifts reach 2%, suggesting substantial building damage. 

Furthermore, at 2% in 50 years hazard level, seven ground motions (out of twenty) have caused 



the building collapse and are therefore excluded from the results presented in Figure 10.

  

Figure 10. Profiles of peak interstory drifts, residual drifts, and floor accelerations in both building 
directions (X and Y) for three hazard levels: 50% in 50 years, 10% in 50 years, and 2% in 50 years. 
  
3.3 Performance Modeling per FEMA P-58 

The structural analysis results were incorporated into the performance model of the building, 

developed in PACT (FEMA, 2018b), which included appropriate fragilities for all structural, 

architectural, and MEP components of the building. Monte Carlo simulation process, implemented 

in PACT, utilized 2000 realizations for each hazard level to probabilistically simulate the possible 

range of building damage.  This study utilizes information on building damage to evaluate the 

functional recovery times at different hazard levels. 



The types and quantities of structural components are extracted from the drawings of the 

building. The types of structural components included in the performance model are pre-

Northridge beam-column connections and column splices. Base plates are not included in the 

model as they are located at the underground level of the building that does not experience any 

inter-story drift during the earthquake shaking.  

The types of nonstructural components for the original building are selected based on the 

following assumptions: 

 displacement capacity of exterior walls is assumed to be 1 inch which represents their 

original condition;  

 piping and ducting are laterally unbraced (original); 

 all elevators are assumed to be original; 

 mechanical and electrical equipment is assumed to be unanchored;   

 50% of the ceiling is assumed to be unbraced (original), and 50% is remodeled (i.e., 

laterally braced/supported); 

 partition walls are assumed to be fully remodeled (i.e., laterally braced).  

The quantities of non-structural components for this commercial building were determined using 

the normative quantities for office occupancy recommended by FEMA P-58 and are shown in 

Table 1A (included in the Appendix section).  

In PACT, each building component is associated with a fragility curve that correlates EDPs 

to the probability of that item reaching a particular damage state. Furthermore, PACT uses residual 

drifts to determine the feasibility of repairing a building by introducing a fragility curve that relates 

the peak story residual drift to the probability that the structure will be demolished. This curve has 

a lognormal distribution with a median residual drift value of 1.0% and a dispersion of 0.3 (per 



FEMA P-58). The excessive residual drifts of an analyzed building trigger its demolition (e.g., full 

replacement costs).   

3.3 Modeling of Functional Recovery   

Input data necessary for evaluation of functional recovery of the considered building using the 

proposed framework are provided for all of its internal moduli: FLS, repair time, and 

mobilization time.  

As explained earlier, the three main constituents necessary for the calculation of FLS are 

damage assessment results from FEMA-58 analysis, fault trees of the building and its 

subsystems, and limit state functions of building components that probabilistically define 

damage thresholds to impair building function (partially and fully). This case study utilizes fault 

trees proposed by Terzic and Villanueva (2020), damage assessment results from FEMA P-58 

analysis, and LSFs (user-defined input) of building components as specified in Table 2A 

(included in the Appendix section).  The tabulated data include the specific components of the 

core building subsystems along with their functionally impairing damage states and 

corresponding medians of their LSFs; all LSFs have a dispersion of 0.3. To provide the content 

to the case study, LSFs were selected based on recommendations from facility managers and 

structural engineers. 

To properly model repair time it is necessary to use a realistic logic network of repair 

activities along with the appropriate labor allocations. A realistic repair schedule and labor 

allocations, recommended by contractors greatly involved in the recovery of the greater Los 

Angeles area following the 1994 Northridge earthquake (Yoo, 2016) are utilized in this study 

(Figure 11). The presented repair schedule highlights basic inter-relationships among different 

groups of components on one floor. The repair of the building starts with the simultaneous repair 



of structural elements and vertical transportation routes (stairs and elevators) to ensure overall 

structural integrity and to provide transportation of labor and materials; repair of stairs and 

elevators does not interfere with the overall repair progress because typical repair construction 

utilizes external elevators when needed. The repair of structural components starts from the bottom 

of the building and is executed by simultaneous repair across three floors at a time. Nonstructural 

components are repaired sequentially two floors at a time where the repair of a nonstructural 

component is conditioned by the completion of structural repairs at respective floors and the same 

nonstructural repair activity on the floors below (so that the corresponding crews can move to the 

next two floors). At each floor level, a simultaneous repair was permitted for the following 

components: 1) interior finishes and piping (i.e., water/steam piping, HVAC ducts/drops, fire 

pipes/drops, ceiling, and partitions), 2) exterior enclosure (i.e., curtain walls), and 3) electrical 

units (i.e., switchgear). Equipment located at the base and roof level, including chillers, cooling 

towers, air handling units, and motor control centers (MCCs) are all repaired simultaneously, one 

floor at a time. In case of excessive structural damage that creates an unsafe condition for the 

occupants (e.g., unsafe placard), equipment repair follows the completion of structural repair 

throughout the building. Otherwise, the repair of building equipment is initiated at the beginning 

of the repair project. Labor allocations for building components that commensurate to the amount 

of damage that impairs building functionality are provided in Table 2. 



 
 Figure 11. Flowchart of a realistic repair schedule for the 13-story building. 

 
Table 2. Labor allocations based on Average Damage State (ADS) and Number of Functionally 
Impairing Damaged Units (NFIDU) for the repair of structural components, stairs, and curtain 
walls; based on Ratio of Functionally Impairing Damaged Units (RFIDU) for the repair of 
interior nonstructural components; based on  presence of damage to equipment that impairs 
function. 

 
 

To properly evaluate the mobilization time, two types of inputs are necessary: 1) LSFs of 

nonstructural components (piping, ceiling, exterior walls, and partition walls) that define the 

ADS = 0 - 1 1 - 2 2 - 3 NFIDU = 1 - 10  11 - 20 21 - 30 > 31
Beam/Column Con. 4 6 6 Beam/Column Con. 1 2 3 4

Column Splices 4 6 6 Column Splices 1 2 3 4
Stairs 2 3 4 Stairs

RFIDU = 0-0.1  0.1-0.5 0.5-1.0
Partitions 2 5 11 Switchgear

Ceiling Tiles 1 3 5 Elevator
HVAC Ducting 1 3 5 AHU

Fire Drops 1 2 3 MCC
Water Piping 1 2 3

Total workforce for equipment that impairs function
Total workforce based on RFIDU

If NFIDU< 20, 1 crew
If NFIDU>20 , 2 crews

Curtain WallsN/A55Curtain Walls

2
2
3
3

Workforce per crew based on ADS Number of crews based on NFIDU per floor

1 crew



damage thresholds for triggering detailed inspection, and 2) time allocations for different 

mobilization activities.  For this study, the medians of LSFs for all nonstructural components are 

set to 10%, meaning that if 10% of a component type (e.g., ceiling) experiences severe damage, 

that would trigger a detailed inspection. Time allocations of mobilization activities for this 

project are provided in Table 3. They are based on types of damaged components that impair 

functionality (e.g., equipment, nonstructural, structural), functionality tag of components (full, 

partial, or no loss), the overall building functionality state (full, partial, no loss), detailed 

inspection state (e.g., yes or no), and repair cost ratio as a percentage of the replacement cost.      

 
Table 3. Median time allocations for the mobilization activities based on types of damaged 
components that impair functionality and the functionality state of the building. 

 

Nonstructural only Partial or full loss 3 days
Partial loss 2 weeks
Full loss 4 weeks

Nonstructural only Full Loss + DI triggered 2 weeks
Partial loss + DI triggered 3 weeks
Full loss + DI triggered 6 weeks

Nonstructural only Full Loss + DI triggered 1 week
Partial loss + DI triggered 2 weeks
Full loss + DI triggered 4 weeks

Equipment only Partial loss & BF is partial loss 3 days
Nonstructural only or with equipment Partial loss & BF is partial loss 3 days
Structural Partial loss & BF is partial loss 1 weeks
Equipment only Full loss & BF is full loss 3 days
Nonstructural only or with equipment Full loss & BF is full loss 1 weeks
Structural Full loss & BF is full loss 2 weeks

Partial loss 3 days
Full loss 1 weeks

Equipment only Full loss 0 days
Structural and/or nonstructural Full loss 1 weeks
Structural Full loss & RCR>0.2 6 weeks
Structural and/or nonstructural Partial or full loss & RCR<0.2 1 week
Equipment only Partial or full loss 3 days

BF: building functionality; RCR: repair cost ratio as a percentage of replacement cost
Note: Dispersion of 0.2 is used for all activities

Site Preparation

Financing

Architectural and 
Engineering Drawings Structural

Permitting
Structural 

Contractor and 
Material Mobilization

Clean-up Exterior walls, ceilings, partitions

Mobilization 
Activity

Type of damaged components 
that impair functionality

Functionality 
State

Median Time 
Allocation

Detailed Inspection 
(DI) Structural 



3.4 Evaluation of Functional Recovery 

The structural analysis responses are incorporated in the performance model to evaluate damage 

states of all building components. The information on damage is then utilized within the presented 

framework for modeling functional recovery. Analysis of building post-earthquake functionality 

is conducted first, and its results are used in conjunction with repair time and mobilization time 

models to evaluate the entire recovery process.  

For each subsystem and the entire building, Figure 12 presents probabilities of each of 

the functionality states (no loss, partial loss, and full loss of functionality) for the three 

considered hazard levels (50% in 50 years, 10% in 50 years, and 2% in 50 years). The results 

suggest a high probability of attaining the partial loss of functionality for a building at frequent 

earthquakes (50% in 50 years). For rare and very rare earthquakes (10% in 50 years, and 2% in 

50 years), the building will most certainly have a full loss of functionality. When the 

functionality of the core subsystems is observed, we see that the HVAC subsystem has the 

strongest influence on the building’s functionality at all hazard levels. It is accompanied by stair 

& elevator, piping, and structural subsystems, especially at higher hazard levels. The results 

further show that there is a high certainty that the partition walls, exterior walls, ceiling, and 

electrical subsystem, will be fully functional for frequent earthquakes and might have 

compromised function for rare and very rare earthquakes. 



 

Figure 12. Probability of functionality states (no loss, partial loss, and full loss of functionality) 
for the building system and its subsystems at three considered hazard levels. 
 

Finally, Figure 13 shows the cumulative distribution functions of functional recovery time 

for the three considered hazard levels along with the median and 90th percentile outcomes. In line 

with the structural analysis responses and functionality limit state, the building is expected to fully 

regain its function in few weeks for frequent earthquakes, it takes several months to two years (the 

assumed time for the building replacement) for rare earthquakes, and almost certainly in two years 
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for very rare earthquakes. It is to be noted that the building replacement is triggered by excessive 

residual drifts. Moreover, Figures 14 and 15 provide detailed information for the median outcomes 

at frequent and rare earthquakes; additional information is not provided for very rare earthquakes 

as the median outcome requires a building replacement. Selected results of the building recovery 

analyses presented in Figures 14 and 15 include: (a) functional recovery curve, which shows the 

change in building’s capacity to function from the occurrence of the earthquake (time=0) until the 

building fully recovers its function, (b) duration of all mobilization activities that occur in parallel 

to prepare the building for repairs, and (c) median repair schedule considering all components that 

impair building’s functionality. Median outcome at frequent earthquakes shows that the building 

preserves 50% of its functionality and fully recovers within 11 days (Figure 14(a)). The 

functionality is compromised due to the damage to the HVAC subsystem, where it takes 3 days to 

mobilize a contractor and 8 days to perform the repair (Figure 14(b), (c)). The median outcome at 

rare earthquakes shows that the building fully losses its functionality and it takes 70 days to recover 

50% of its functionality and 115 days to achieve full recovery (Figure 15(a)). The functionality is 

primarily lost due to damage to beam-column connections, elevators, glazing, and HVAC units 

(Figure 15(c)). In this case, it takes 47 days to prepare for the repair and 68 days to perform the 

actual repair (Figure 15(b), (c)).  As illustrated by the results, the presented framework for 

modeling functional recovery modeling produces unique and detailed information about the 

recovery process considering all building components. This information can be effectively used to 

guide the development of a retrofit solution that would improve the seismic performance of the 

building system. 



 

Figure 13. Functional recovery evaluation results at three considered hazard levels: (a) 
functional recovery time fragilities, (b) median and 90th percentile functional recovery times.  
 

 

Figure 14. Median functional recovery evaluation results for 50% in 50 years hazard levels: (a) 
functional recovery curve, (b) time allocations of mobilization activities, and (c) repair schedule.  

 

Figure 15. Median functional recovery evaluation results for 10% in 50 years hazard levels: (a) 
functional recovery curve, (b) time allocations of mobilization activities, and (c) repair schedule.  
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4. SUMMARY AND CONCLUSIONS 

This study proposes a novel, building-level framework for evaluation of the recovery 

process of a building system, which is in line with probabilistic PBEE methodology and is based 

on FEMA P-58 damage assessment results.  The unique feature of the framework is its capability 

to generate a functional recovery curve, highlighting all repair and mobilization activities that 

dominate the recovery process, as illustrated by the case study presented in this paper. The main 

developments of the study are the sets of flowcharts and fault trees that are integrated and used to 

first calculate functionality and detailed inspection limit states (FLS & DILS)  and then derive 

mobilization and repair times associated with the building damage that impairs functionality, 

thus, evaluating the entire recovery process of the building; duration and speed of functional 

recovery. The proposed framework for modeling functional recovery is developed to provide: 1) 

flexibility and robustness; the model has a modular structure allowing for effortless extension 

and additions of new features, and 2) rapid evaluation; work-flows between structural analysis, 

damage analysis, post-earthquake FLS and DILS analysis, and repair and mobilization time 

analysis can be created to allow for rapid evaluation of building’s recovery process. The 

framework is readily applicable to individual buildings, as user-defined data can be uniquely 

defined for every project by collecting the appropriate data from the building developer and their 

contractors. However, to provide a broader application of the presented framework, an effort 

needs to be made towards creating generic sets of user-defined inputs to evaluate not only the 

recovery of individual buildings but rather clusters of buildings and their effects on community 

resilience. 

Considering all of its features and potential for integration with the existing tools, 

methodologies, and data sets, the framework provides numerous opportunities for its application: 



1) it can be used for the development of design requirements for improving the post-earthquake 

functionality of new buildings, 2) it can be used for the development of retrofit solutions that will 

accelerate the recovery process, 3) it can be used for rapid post-earthquake evaluation of recovery 

time using building instrumentation, 4) it can facilitate the evaluation of community resilience.  
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Table 1A. Fragilities and their quantities per FEMA P-58.  

 

L T ND
1,2 12 18

3-14 10 18
1,2 42 36

3-14 35 27
3 18 18

6,9,12 23 22

2 6.436 4.66
3-14 7.212 3.884

2 1.609 1.165
3-14 1.803 0.971

2 164.4 119.9
3 58.67 31.78

4-14 61.33 33.22
3 29.33 15.88

4-14 30.67 16.61
3 8.8 4.766

4-14 9.2 4.983

2 16.8
4,6,8,10,12,14 12.48

2 7
4,6,8,10,12,14 5.2

2 4.67
4,6,8,10,12,14 3.47

1,2 0.28
3-14 0.21
1,2 1.568

3-14 1.16
1,2 0.56

3-14 0.42
1,2 0.56

3-14 0.42
1,2 1.4

3-14 1.04
1,2 0.37

3-14 0.28
1,2 3.73

3-14 2.77

2 1.68
3-14 1.25

D1014.012 Traction Elevator, prior to 1976 (EA) 1 5 PFA

1,2 3
3-14 2

SF = square feet; EA = each; LF = linear foot; SDR = story drift ratio (unitless); PFA = peak floor acceleration (g);
 L = Longitudinal; T = Transversal; ND = Nondirectional; 

3 PFA

D5012.013a
Motor Control Center - Capacity: all - Unanchored equipment 

that is not vibration isolated - Equipment fragility only
(EA) 1,Roof 4 PFA

D3052.011c
Air Handling Unit - Capacity: 10000 to <25000 CFM - 
Unanchored equipment that is not vibration isolated - Equipment 

(EA) 1,Roof

1 PFA

D3031.021b
Cooling Tower - Capacity: 100 to <350 Ton - Unanchored 
equipment that is not vibration isolated - Equipment fragility only

(EA) 1,Roof 1 PFA

PFA1.68

D3031.011b
Chiller (100 < Tons < 350) Unanchored equipment that is not 
vibration isolated

(EA) 1,Roof

5.2 PFA

C3032.002c
Suspended Ceiling, SDC A,B,C, Area (A): 1000 < A < 2500, 
Vert support only

1800 (SF) 3,5,7,9,11,13 PFA3.47

C3032.002b
Suspended Ceiling, SDC A,B,C, Area (A): 250 < A < 1000, Vert 
support only

600 (SF) 3,5,7,9,11,13

SDR

C3032.002a
Suspended Ceiling, SDC A,B,C, Area (A): A < 250, Vert 
support only

250 (SF) 3,5,7,9,11,13 12.48 PFA

EDP

C2011.001b
Prefabricated steel stair with steel treads and landings with no 
seismic joint

(EA) All floors 1 1

D5012.021a
Low Voltage Switchgear - Capacity: 100 to <350 Amp - 
Unanchored equipment that is not vibration isolated - Equipment 

(EA) PFA

D4011.071a
Fire Sprinkler Drop Standard Threaded Steel - No Ceiling - SDC 
A or B

1000 (LF) 1

D4011.031a
Fire Sprinkler Drop Standard Threaded Steel - Dropping into 
unbraced lay-in tile SOFT ceiling - 6 ft. long drop maximum, 

1000 (LF) PFA

D3041.012a HVAC Galvanized Sheet Metal Ducting  (A > 6 sf.) SDC A & B 1000 (LF) PFA

D4011.021a
Fire Sprinkler Water Piping - Horizontal Mains and Branches - 
Old Style Victaulic - Thin Wall Steel - No bracing, SDC A &B, 

100 (LF) PFA

D2031.011b
Sanitary Waste Piping - Cast Iron w/flexible couplings, SDC A & 
B, PIPING FRAGILITY

1000 (LF) PFA

D3041.011a HVAC Galvanized Sheet Metal Ducting  (A < 6 sf.) SDC A &B 1000 (LF) PFA

D2022.011a
Heating hot Water Piping - Small Diameter Threaded Steel - (2.5 
inches in diameter or less), SDC A & B, PIPING FRAGILITY

1000 (LF) PFA

D2022.021a
Heating hot Water Piping - Large Diameter Welded Steel - 
(greater than 2.5 inches in diameter), SDC A & B, PIPING 

1000 (LF) PFA

C3032.003c
Suspended ceiling, SDC D, E Area (A): 1000 < A < 2500, Vert. 
& lat. Supports

1800 (SF) PFA

D2021.021a
Cold or Hot Potable Water Piping (dia > 2.5 inches),SDC A & 
B, PIPING FRAGILITY

1000 (LF) PFA

C3032.003a
Suspended ceiling, SDC D, E Area (A): A < 250, Vert. & lat. 
Supports

250 (SF) PFA

C3032.003b
Suspended ceiling, SDC D, E Area (A): 250 < A < 1000, Vert. & 
lat. Supports

600 (SF) PFA

B2022.035
Midrise stick-built curtain wall, Config: Monolithic, Lamination: 
Not laminated, Glass Type: Annealed

30 (SF) SDR

B2011.021a
Exterior Wall - Cold formed steel walls with 22 or 31 mil steel 
sheathing, interior - gypsum board

100 (SF) SDR

SDR

B2022.033
Midrise stick-built curtain wall, Config: Monolithic, Lamination: 
Not laminated, Glass Type: Annealed, Details: 1/4 in. (6 mm) AN 
monolithic; glass-frame clearance = 0.13 in. (3 mm); aspect ratio 

30 (SF) SDR

C1011.001a
Wall Partition, Type: Gypsum with metal studs, Full Height, 
Fixed Below, Slip Track Above with returns 

100 (LF) SDR

C3011.001b
Wall Partition, Type: Gypsum + Wallpaper, Partial Height, Fixed 
Below, Lateral Braced Above

100 (LF) 2-14 0.525 0.525

SDR

C1011.001b
Wall Partition, Type: Gypsum with metal studs, Partial Height, 
Fixed Below, Lateral Braced Above

100 (LF) SDR

B1031.021b Welded column splices,  Column 150 plf < W < 300 plf (EA) 3 5 4

B1031.021a Welded column splices, Column W < 150 pl (EA) SDR

B1035.051
Pre-Northridge WUF-B beam-column joint, beam both sides of 
column, beam depth <= W27

(EA) SDR

B1035.041
Pre-Northridge WUF-B beam-column joint, beam one side of 
column, beam depth <= W27

(EA) SDR

Fragility ID Component Description per FEMA P-58 Units
Location 
(Floor)

Quantity per Direction



Table 2A. Limit State Functions for the Component Damage States for the 13-Story Building 
considering only component types that can impair functionality.  

 

Component 
Type

DS # DS description LSF
No. of 
stories

LSF
No. of 
stories

Column 
Splices

2
DS1 followed by complete failure of the web splice plate 
and dislocation of the two column segments on either 
side of the splice.

0.01 0.02 0.01 1 0.02 1

1 Fracture of upper or lower beam flange weld. 0.20 0.50 0.30 4 0.75 2

2
Similar to DS1, except fracture propagates into column 
flanges.

0.20 0.50 0.30 4 0.75 2

3
Fracture initiating at weld access hole and propagating 
through beam flange, possibly accompanied by local 
buckling deformations of web and flange.

0.10 0.25 0.15 4 0.35 2

Curtain Walls 2,3 Glass falls from frame 0.05 0.5 0.1 7 0.75 5

Cold Form 
Exterior Walls

2
Buckling of steel sheathing.  Buckling of framing 
members.

0.05 0.5 0.1 7 0.75 5

Partition Walls 3
Buckling of studs and tearing of tracks.  Tearing or 
bending of top track, tearing at corners with transverse 
walls, large gap openings, walls displaced.

0.05 0.7 0.1 7 0.85 5

Stairs 3
Loss of live load capacity. Connection and or weld 
fracture

0.2 0.75 0.25 4 0.85 2

1-1
Controller anchorage failed, and or machine anchorage 
failed, and or motor generator anchorage failed, and or 
governor anchorage failed, and or rope guard failures.

0.01 1 n/a n/a n/a n/a

1-2

Rail distortion, and or intermediate bracket separate and 
spread, and or counterweight bracket break or bend, 
and/or car bracket break or bend, and or car guide 
shoes damaged, and or counterweight guide shoes 
damaged, and or counterweight frame distortion, and or 
tail sheave dislodged and/or twisted.

0.01 1 n/a n/a n/a n/a

1-3
Cab stabilizers bent, or cab walls damaged, or cab doors 
damaged.

0.01 1 n/a n/a n/a n/a

Motor Control 
Center

1 Damaged, inoperative 0.01 1 n/a n/a n/a n/a

2 30% of ceiling damage 0.1 0.75 0.15 7 0.85 5

3 50% of ceiling damage 0.05 0.5 0.1 7 0.75 5

All piping 
(w/o sanitary)

2
Large Leakage w/ major repair - 1 leak per 1000 feet of 
pipe

0.05 0.1 0.075 4 0.15 2

Sanitary 
piping

2
Large Leakage w/ major repair - 1 leak per 1000 feet of 
pipe

0.02 0.05 0.02 4 0.05 2

Low Voltage 
Switchgear

1 Damaged, inoperative. 0.1 0.75 0.15 7 0.9 5

AHU 1-1
Equipment does not function. Damage to attached 
ducting or piping.

0.01 1.0 n/a n/a n/a n/a

HVAC 
Ducting

2
Several adjacent supports fail and sections of ducting 
fall - 60 feet of ducting fail and fall per 1000 foot of 
ducting.

0.1 0.75 0.15 7 0.95 5

Motor Control 
Center

1 Damaged, inoperative 0.01 1.0 n/a n/a n/a n/a

DS: damage state; LSF: limit state function

Median ratios of damaged components to trigger interruption of 
function 

Builidng-based LSFs Floor-based LSF
Partial loss Full loss

Partial
 loss

Full
 loss

Piping Subsystem

Electrical Subsystem

HVAC Subsystem

Exterior Wall Subsystem

Partition Wall Subsystem

Stair & Elevator Subsystems

Traction 
Elevators

Ceiling Subsystem

Suspended 
Ceilings

Structural Subsystem

Pre-Northridge 
Moment 

Connections


