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ABSTRACT : 

A methodology is presented for calculating the seismic performance of structural/nonstructural systems in a 
health care facility and developing rational strategies for increasing the seismic resilience of these systems. The 
methodology is based on (i) seismic hazard analysis, (ii) fragility analysis and (iii) life-cycle capacity and cost 
estimation. Systems seismic performance is measured by fragility surfaces, that is, the probability of system 
failure as a function of moment magnitude and site-to-source distance of a seismic event, consequences of 
system damage and failure, and system recovery time following seismic events. The input to the analysis 
consists of site seismic hazard, structural/nonstructural systems properties, performance criteria, rehabilitation 
strategies, and a reference time. Estimates of losses and recovery times, referred to as life-cycle losses and 
recovery times, can be derived using fragility information, financial models, and available resources. MCEER 
West Coast Demonstration Hospital is used to demonstrate the method. The seismic risk of the MCEER 
Hospital is assessed based on the performance of its structural system and three nonstructural systems attached 
to the structural system at different locations, namely, the Heat-Ventilation-Air-Conditioning system, piping 
system and partition walls. Fragilities are obtained for the structural and nonstructural systems for several limit 
states. Also, statistics are obtained for life-cycle losses and recovery times corresponding to different 
rehabilitation strategies and an optimal rehabilitation strategy is selected using these statistics. 

KEYWORDS: fragility, life-cycle loss estimation, resilience measures, seismic hazard 

1. INTRODUCTION  
 
Capital allocation decisions for a health care facility include, for example, opening a new unit, extending or
closing some existing units, buying new equipment, and relocating the hospital building. These decisions are 
based on life-cycle capacity, viewed as the level of performance defined for a service, and cost estimates.
Existing geotechnical, structural/nonstructural systems can be left as they are or can be retrofitted using one of 
the available rehabilitation alternatives. Leaving a system as it is can be reasonable for short-term decisions but 
retrofitting the system, despite its initial costs, might be beneficial in the long run. A probabilistic methodology 
is required to make a rehabilitation decision since seismic hazard and system performance are uncertain.  
 
This study presents a methodology for (1) evaluating the seismic performance of an individual health care
facility during a specified time interval, and (2) selecting an optimal rehabilitation strategy for this facility from 
a collection of different rehabilitation strategies. Figure 1 shows a chart illustrating the principal elements of the 
fragility-based capital allocation decision support system used in this paper. The seismic performance is 
measured by fragility surfaces, that is, the probability that a system response exceeds a critical value, defining a 
damage-level, as a function of moment magnitude and site-to-source distance of a seismic event. The input to 
the analysis consists of site seismic hazard information, geotechnical and structural/nonstructural systems 
properties, performance criteria, rehabilitation strategies, and a reference time. Estimates of losses and recovery 
times, referred to as life-cycle losses and recovery times, can be derived using fragility information and 
financial models. Life-cycle costs consist of (1) initial costs related to the rehabilitation of the system, (2) 
repair/replacement costs for bringing the damaged systems back to their original states, (3) cost of life, and (4) 
indirect costs related to the loss of capacity of the hospital. 
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Figure 1 Principal elements of the MCEER fragility-based decision support methodology 

 
MCEER West Coast Demonstration Hospital, from this point forward referred to as MCEER Hospital, is used 
to demonstrate the method. The seismic risk of the MCEER Hospital is assessed based on the performance of 
its structural system and three nonstructural systems attached to the structural systems at different locations, 
namely, the Heat-Ventilation-Air Conditioning (HVAC) system consisting of two water chillers, piping system 
and partition walls. Monte Carlo simulation is used for obtaining statistics of the life-cycle losses and recovery 
times corresponding to different rehabilitation strategies and an optimal rehabilitation strategy is selected using 
these statistics. 
 
2. LOSS ESTIMATION METHOD 
 
The method is based on (i) Monte Carlo simulation, (ii) seismic hazard analysis, (iii) fragility analysis and (iv) 
life-cycle capacity and cost estimation. The method (1) considers a realistic seismic hazard model rather than 
using the maximum credible earthquake, (2) includes all components of costs, that is, the costs related to the 
structural failure and downtime, retrofitting, repair, loss of capacity in services, and loss of life, and (3) is 
designed for individual facilities rather than a large population of them. The probabilistic seismic hazard 
models presented in (Kafali and Grigoriu, 2008, Sections 1 and 2) are used to characterize (1) the moment 
magnitude Mi, source-to-site distance Ri and the arrival time Ti of the seismic event i, (2) the ground 
accelerations at the system site resulting from the seismic event i defined by (Mi,Ri), and (3) the total number of 
seismic events N(τ ) in lifetimeτ. Specific barrier model (Halldorsson and Papageorgiou, 2005) is used to define 
the seismic hazard at a given site following an earthquake with moment magnitude m and source-to-site 
distance r. Accordingly, the probability law of the site seismic hazard is completely defined by (m,r) and the 
soil condition at the site. 
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Figure 2 Loss estimation method 

 
The United States Geological Survey provides realizable values of (m,r) at each zip code in the United States, and 
mean yearly rates, νij of earthquakes with moment magnitude miand source-to-site distance rj (USGS, 2006); see, 
for example, Fig. 3 for Northridge, California. Given that an earthquake occurs at a site, the probability that it has 
parameters (mi,rj) is νij /ν, where ν =ΣiΣjνij. The seismic fragility analysis presented in (Kafali and Grigoriu, 
2007; Kafali and Grigoriu, 2008, Section 3.3) is used to characterize the damage in the structural/nonstructural
systems. For example, let Di be a discrete random variable characterizing the damage state of a nonstructural 
system after seismic event i with moment magnitude mi and source-to-site distance ri, i=1,…, N(τ). Assume that 
a nonstructural system enters damage state dk, with probability pk,i for k=1,…,n, where n is the number of 
damage states. The probabilities pk,i can be obtained from the fragility information of the nonstructural system 
and are functions of the limit state defining the damage state dk and (mi,ri). Similarly, we can define random 
variables characterizing the damage in the structural system and components of the selected nonstructural 
systems. 
 
In Fig. 2 Tp is the total time the system operates below p% capacity in τ, Tpi is the time the system operates 
below p% capacity after event i and TC is the total cost in τ in present value, in which ic is the initial cost 
related to the rehabilitation, d is the discount rate, and Ci is the cost related to event i including costs of
repair/replacement, capacity losses and life losses due to the damage in structural and nonstructural systems. It 
is expected that with an increasing initial cost ic, the cost Ci due to event i will decrease and for some
rehabilitation alternative we will have the optimum solution. The numerical results in the following sections are 
for p=90 and d=0.05. 
 
The resilience metrics, that is, the decision variables used for selecting the optimal rehabilitation alternative are 
the total time Tp the system operates below p% capacity, and the total cost TC in τ, defined in Fig. 2. Estimates 
of the distributions of Tp and TC can be obtained using Monte Carlo simulation. First, a seismic hazard sample 
at the site during lifetime τ is generated using the Monte Carlo algorithms developed in (Kafali and Grigoriu, 
2008, Section 2.4). A seismic hazard sample is defined by the number of earthquakes during the time τ, and 
magnitude and source-to-site distance and arrival time of each of them. For each event in the seismic hazard 
sample damage states of structural/nonstructural systems are simulated from their fragility information, and 
corresponding capacity losses and costs are calculated. The total time the system operates below p% capacity 
and the total cost in [0,τ] corresponding to the seismic hazard sample are obtained by adding contributions from 
each event in the seismic hazard sample, that is, using the equations for Tp and TC shown in Fig. 2. Repeating 
the above analysis for ns independent samples, we obtain ns samples of Tp and TC. Hence histograms and other
statistics of Tp and TC depending on user's objectives can be calculated from these samples. 



The 14th World Conference on Earthquake Engineering    
October 12-17, 2008, Beijing, China  
 
 

3. NUMERICAL EXAMPLE 
 
Following is a brief summary of the example presented in detail in (Kafali and Grigoriu, 2008, Section 4.1). 
 
3.1. Seismic Hazard Information and Dynamic Analysis 
 
The MCEER Hospital is in Northridge, California. The lifetime is set to τ =50 years. Figure 3 shows the 
seismic activity matrix at the system site, providing the mean annual arrival rate of earthquakes with different 
moment magnitude m, and source-to-site distance r, for which ν =0.95.   

 
Figure 3 Seismic activity in Northridge, California 

 
The hospital is located on stiff soil (NEHRP site class D, (FEMA-273, 1997)). The cascade approach, that is,
the nonstructural system does not affect the dynamics of the supporting structure, is used for the dynamic 
analysis of the structural and nonstructural systems. The stationary response to strong ground motion is used in 
seismic performance analysis. Methods based on crossing theory of stochastic processes presented in (Kafali 
and Grigoriu, 2008, Section 3.3.1) are used for calculating fragility surfaces for structural/nonstructural linear 
systems subjected Gaussian seismic ground accelerations. It is assumed that all the systems are brought to their 
original states after each seismic event. 
 
3.2. Structural System 
 
The MCEER Hospital is an inpatient facility in the Northridge Hospital Medical Center. The four-storey facility 
was constructed in the early 1970's to meet the seismic requirements of the 1970 Uniform Building Code. There 
are 93 beds in the facility and the net revenue per bed per day (per patient day) is $1,500. A one-dimensional 
equivalent linear version of a two-dimensional inelastic model of the MCEER Hospital is used in this study for 
seismic risk analysis. Accordingly, the structure is modeled by a 4-degree-of-freedom shear beam model with a 
classical damping matrix. Three alternative designs, with the same stiffness as the existing system but with
increased levels of damping are considered. The alternative designs are obtained by adding linear viscous 
dampers inserted in the central bay in each storey of the exterior moment-resisting frame of the original 
MCEER Hospital model. Associated rehabilitation costs were calculated.  
 
Maximum inter-storey drift is used to assess the structural performance. Four damage states, namely, 
immediate occupancy, life safety, collapse prevention and collapse, are defined using (FEMA-356, 2000).
Fragilities are calculated from the (i) model, (ii) response and (iii) damage states. Figure 4 shows the probability 
that the maximum inter-storey displacement ratio exceeds 2.5% (that is, the life safety limit state) for (a) the 
base system and (b) the rehabilitation alternative 3 (with the highest amount of damping). As expected, system 
fragility gets smaller from (a) to (b) as more damping is added to the system. Associated repair/replacement 
costs, disruption of service for these damage states and corresponding capacity losses are calculated. Life losses 
in case of total collapse is also modeled and incorporated in the loss estimation. 
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Figure 4 Example structural system fragilities: (a) base system, (b) rehabilitation alternative 3 

 
3.3. Nonstructural Systems 
 
The seismic performances of three nonstructural systems, HVAC system, partition walls and piping system, are 
examined. It is assumed that the nonstructural systems are not interacting, that is, the responses of these systems
are independent of each other. 
 
It is assumed that the HVAC system consists of two identical water chillers attached to the roof of the building.
A three dimensional nonlinear model of the HVAC equipment (Fathali and Filiatrault, 2007), which delivers 
relative acceleration response of the center of mass of the HVAC equipment in the longitudinal, transverse and 
vertical directions, is used. The response in only the transverse (short) direction of HVAC is considered the for 
seismic performance analysis. No rehabilitation is used for the HVAC system. HVAC equipment is an 
acceleration sensitive nonstructural system. The damage and limit states are defined using (ASHRAE, 2003).
Fragilities are calculated from the (i) model, (ii) structural response (excitation at attachment points) and (iii) 
damage states. Associated repair/replacement costs, disruption of service for these damage states and 
corresponding capacity losses are calculated. 
 
The number of partition walls in each floor of the MCEER Hospital is estimated using its architectural
drawings. It is assumed that the partition walls in the MCEER Hospital are of the types reported in (McMullin 
and Merrick, 2002); in which partition wall damage was given as a function of the inter-storey drift. Hence no 
wall model is required for fragility analysis and loss estimation. No rehabilitation is used for the partition walls.
Fragility information provided in (McMullin and Merrick, 2002) is used to define partition wall damage/limit 
states. Fragilities surfaces are calculated from the structural system response (inter-storey drift) and damage 
states. Associated repair/replacement costs, disruption of service for these damage states and corresponding 
capacity losses are calculated. 
 
It is assumed that the piping system tested at University of Nevada at Reno (Corbin, 2006; and Goodwin and 
Maragakis, 2007) can be used to describe limit/damage states of the existing piping system at the MCEER 
Hospital. The experimental results were acquired for a steel/threaded piping system with unbraced and braced
alternatives. The number of different elements in the sanitary piping system at each floor of the MCEER 
Hospital is estimated using its architectural drawings and considering only the pipes with diameter greater than 
or equal to one inch. The number of hangers is estimated assuming a spacing of 10 feet. Piping system damage 
is assumed to be a function of the inter-storey drift. Hence, no pipe model is required for fragility analysis and
loss estimation. The unbraced system is considered as the existing system. The braced system is used as the
rehabilitation alternative. It is assumed that the pipes are braced at every second hanger location with a clevis 
support and bracing cables. Cost associated with this bracing option is estimated and is used as the cost of 
rehabilitation for the piping system. The damage/limit states are obtained from (Corbin, 2006). Fragilities are 
calculated from the structural system response (inter-storey drift) and the damage states. Associated 
repair/replacement costs, disruption of service for these damage states and corresponding capacity losses are 
calculated. 

(a) (b) 
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Figure 5 shows example fragility surfaces for the nonstructural systems attached the structural system with no 
rehabilitation. In Fig. 5, panel-a shows the probability that the maximum acceleration response of the HVAC 
equipment exceeds 2.0g (HVAC equipment has at least moderate damage), panel-b shows the probability that a 
partition wall located on the 1st floor has extensive damage or completely failed and panel-c shows the 
probability that existing (unbraced) piping system located on the 1st floor has extensive damage. 

  
Figure 5 Example nonstructural system fragilities: (a) HVAC, (b) partition wall, (c) piping system 

 
3.4. Loss Estimation Algorithm and the RDAT 
 
The Monte Carlo based algorithm for calculating the decision variables (1) the total time Tp the system operates 
below p% capacity, and (2) the total cost TC, in τ, which are used for selecting the optimal rehabilitation 
alternative is outlined in Fig. 6.  
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Figure 6 Monte Carlo algorithm for loss estimation 

 
First, for a given event in a lifetime seismic hazard sample damage state probabilities for the structural and 
nonstructural systems are obtained from their corresponding fragility surfaces. We then generate samples of 
damage states for the structural/nonstructural systems. Next, recovery time and total event cost (consisting of
repair, replacement, capacity loss and life losses due to structural/nonstructural damage) for this event, are 
obtained from the available consequence/financial information. Recovery times and total event costs from all 
events in a hazard sample are added to obtain a sample of Tp and TC. The probability laws of Tp and TC are 
estimated by generating many samples of lifetime seismic hazards and obtaining corresponding values for Tp
and TC. 
 
The algorithm in Fig. 6 is implemented in Rehabilitation Decision Analysis Toolbox (RDAT), a MATLAB 
based program for calculating the seismic resilience of structural/nonstructural systems in a health care facility 
(RDATv1, 2004; Kafali and Grigoriu, 2005).  
 

(a) (b) (c) 
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3.5. Results 
 
Figure 7 (a) and (b) show the marginal probability density functions of the (a) total time Tp the system operates 
below p=90% capacity, and (b) total cost TC in τ = 50 years, for the base system and the three rehabilitation 
alternatives, calculated by Monte Carlo simulation using 1,000 samples. 

 
Figure 7 Probability density functions of (a) Tp and (b) TC 

 
Figure 8 (a) and (b) show P(Tp>t) and P(TC>c). A possible measure for comparing the effectiveness of 
different rehabilitation alternatives can be the probability that the total time Tp the system operates below 90% 
capacity exceeds a level tcr (or similarly, the probability that the total cost TC exceeds a level ccr). Accordingly, 

 
Figure 8 Decision based on (a) Tp or (b) TC 

 
the optimal solution is the one with the lowest P(Tp > tcr) (or P(TC > ccr)) and depends on the selected value of 
tcr (or ccr). For example, Fig. 9 (a) shows that the optimal solutions are rehabilitation alternatives 1, 2 and 3 for 
tcr = 30 days, or Fig. 9 (b) shows that the optimal solution is the rehabilitation alternative 3 for ccr = $20 million. 
If both Tp and TC are considered for selecting an optimal solution, then the alternative resulting in the highest
P(Tp<tcr, TC<ccr) is the optimal solution. For tcr = 30 days and ccr = $20 million, the optimal solution is the 
rehabilitation alternative 3. 
 
4. CONCLUSIONS  
 
The presented loss estimation method was implemented in computer programs and the life-cycle risk analysis 
methodology was illustrated through numerical examples. MCEER West Coast Demonstration Hospital was 
analyzed to identify an optimal rehabilitation strategy with respect to total life-cycle losses using the concepts
of seismic activity matrix and fragility surfaces. It was shown that proposed retrofitting alternatives do not 
change the mean value of the life-cycle costs significantly; however, the probability of exceeding large costs 
was lower for the retrofitted systems.  
 

(a) (b) 

(a) (b) 
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The presented loss estimation method can be immediately extended to systems under multihazard environment. 
For example, in the case of two independent intermittent hazards, such as seismic and hurricane hazards at a 
site, the lifetime hazard sample may include three types of events, two individual hazard events and one 
coincidental hazard event. For the individual hazard events presented method can be directly applied provided 
that the fragility information of the system for these hazards are readily available. For the coincidental hazard 
event system fragility under the combined hazards is required. Once the system fragility is calculated lifetime 
loss estimation can be performed following the presented algorithm. 
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