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Abstract 
 

Damage to non-structural components constitutes a large portion of loss due to earthquakes, 

and the loss can be up to 85% of total construction cost of commercial buildings 

(Sankaranarayanan, 2007). Recent earthquake losses from damage to non-structural 

components in countries having codified seismic design provisions have far exceeded losses 

from structural damage (Filiatrault and Sullivan, 2014). Understanding damages to non-

structural components, sources of non-structural earthquake damage, and how damages affect 

the functionality of facilities are all critical aspects for developing general recommendations 

concerning disaster risk management. Information about specific facilities and specific 

stakeholders allows for more detailed recommendations. The main contribution of this work is 

a method for developing stakeholder- and facility-specific disaster risk management procedures 

for non-structural damages. The method is based on nine steps, five provide information or 

guidance to the process, and four are individual processes within the method.   An application 

of the method is demonstrated through a desktop study that uses information found in existing 

literature to be used as a basis for the discussion. Existing literature is used to provide 

information and guidance regarding the five following steps: i) a general non-structural 

component classification system; ii) definitions of four stakeholder objectives (societal and 

governmental, owner and facility managers, finance managers, and designers and academics); 

iii) non-structural components in hospitals, schools, and homes; iv) generalized damage states 

for non-structural components; and v) basic procedures for disaster risk management. The 

results are presented in four templates for four stakeholder types. Furthermore, Performance-

Based Earthquake Engineering is discussed as an ideal engineering approach for systemizing 

engineer-stakeholder dialogue for disaster risk management. It is suggested to add mitigation 

and preparedness procedures from a stakeholder perspective to PBEE to create a full -scale 

disaster risk management methodology. 
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1 Introduction 
 
The purpose of Task C1 described herein is to develop disaster risk management (DRM) 

procedures to guide stakeholders in managing their risk from non-structural components 

(NSC). NSC are architectural, mechanical, electrical components and building content. Even 

though structural performance during an earthquake may be sufficient to allow continued use 

of a building, non-structural damage may significantly affect the usability of the facility. The 

seismic risk of NSC damage should therefore also be specially addressed during the design 

phase. Effective DRM procedures can be developed from the understanding of the relationship 

between NSC damages and stakeholder priorities. By including details of NSC for individual 

facilities it is possible to develop even more useful DRM procedures.  

 

The main contribution of this work is the development of a method on how to develop DRM 

procedures for seismic risk of NSC damage that takes both the stakeholder and the facility 

perspective into account. The method involves nine steps. The schema in Figure 1.1 shows 

these steps and the relationship between the steps. The white boxes represent information 

provided into the method and the grey boxes represent steps that involve a process within the 

method. The first two steps are input steps: 1. a classification system for NSC and 2. a 

stakeholder perspective. Research on these topics can lead to the most appropriate way to 

address these two steps. Combining these two leads to a stakeholder specific NSC classification 

system (step 3). The next step is to define NSC damage states (step 4). Merging general damage 

states with stakeholder specific NSC classification will lead to damage state criteria for 

stakeholder specific NSC (Step 5). Step 6 is to define general disaster risk management 

procedures. Step 7 uses the details of step 5 to customize the general disaster risk management 

procedures identified in step 6 towards a stakeholder perspective. Step 8, provides details about 

the facility in question. Finally, inserting these details of step 8 into step 7 brings the facility 

perspective into the stakeholder-related disaster risk management procedures (step 9). 

 

 
 
Figure 1-1 Method for developing stakeholder- and facility-specific risk management procedures 

	

1.	Existing	NSC	
classification	system	

2.	Stakeholder	
perspectives	

3.	Stakeholder-specific	
NSC	classification	

4.	General	NSC	
damages	states	

5.	Stakeholder-specific	NSC	
damage	state	critera	

6.	General	disaster	risk	
management	procedures	

7.	Stakeholder-specific	disaster	
risk	management	for	damage	
state	criteria	

8.	Facility-specific	
NSC	classification	

9.	Stakeholder-	and	facility-
specific	disaster	risk	
management	procedures		
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An application of the method is demonstrated through a desktop study that addresses four 

stakeholders (societal and governmental, owner and facility managers, finance managers, and 

designers and academics), and three facility types (hospitals, schools, and homes).  

 
Section 2 of this report describes the information taken from the literature identified during the 

desktop study for steps 1, 2, 4, 6, and 8 of the method. Step 1 is a study on existing NSC 

classification systems. A NSC classification system is the grouping of NSCs that are estimated 

to have similar seismic performance, i.e. similar levels of damageability for a given hazard 

level. Step 2 looked for ways in defining stakeholder perspective for various building related 

stakeholders, and in particular to demonstrate the differences between them. Step 4 defines 

general NSCs damage states. Damage states are a grouping of damage levels from no damage 

to being destroyed. Damages can also be presented as average values, but from a DRM 

perspective damage states are useful as they allow the stakeholder to make decisions for 

different levels of damage. Damage states are the basis for fragility curves, which relate 

probability of damage and hazard levels (or probability of exceeding a certain damage state for 

a given hazard level). Step 6 presents general DRM procedures. The last part of the desktop 

study is step 8, which uses chosen documents to create a list of facility-specific NSCs to 

characterize facilities. The desktop study led to references on Performance-based Earthquake 

Engineering (PBEE). Section 2 concludes with a fairly thorough description of PBEE due to its 

importance to the subject matter herein.    

 

Section 3 presents the four analytical steps, 3, 5, 7 and 9. The analytical steps all involve a 

merging of two previously defined steps. The first, step 3, is viewing the existing NSC 

classification system from the perspective of the chosen stakeholders. The next analytical step, 

step 5, is to develop criteria for stakeholder-specific damage states. From these criteria step 7 

specifies stakeholder-specific disaster risk management procedures. Finally, step 9 produces 

templates of procedures for a given stakeholder and facility ready to be further developed by 

stakeholders during an application 

 

Section 4 discusses the outcome of the work, including a comparison of the templates in section 

3, and the importance of engineer-stakeholder dialogue. Section 5 presents key conclusions that 

can be drawn from this work and future work. In addition to the section on References, the 

references are also presented in the Annexes grouped according to the desktop study. 
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2 Desktop Study 

2.1 Step 1: Existing Classification Taxonomies 
 

The desktop study identified fifteen references that included or discussed a NSC classification 

system. These references are listed in Annex A, based on authors, year, and title. Thirteen 

references are for buildings in general and residential buildings, one is for hospitals, and one is 

for schools. The review of these documents led to one reference being chosen as the basis of 

the C1 task by K.A. Porter (2005) titled A Taxonomy of Building Components for 

Performance-Based Earthquake Engineering. Porter´s classification system (taxonomy) 

includes both structural and NSC, and is presented in Annex B.  

 

Porter outlines a review of literature work where he studied taxonomies designed for use in 

earthquake engineering, general building component taxonomies, laboratory testing and 

surveys to quantify component damageability, and post-earthquake reconnaissance reports. The 

scope of Porter´s taxonomy for NSC is for commercial and engineered buildings, in particular 

components that typically contribute significantly to post-earthquake repair costs, causalities 

and downtime. Non-fixed contents are considered to a limit amount because contents matter to 

casualties and downtime. 

 

Porter used the following 10 objectives to build his taxonomy: 

1. Clear definitions  

2. Common fragility curves 

3. Distinguishes differences in seismic performance 

4. Testable 

5. Amenable to assessment of consequences 

6. Flexible 

7. Collectively exhaustive 

8. Simple 

9. Collapsible 

10. Familiar to construction contractors and engineering practitioners 

 

From the perspective of Task C1, of the 10 objectives listed, objectives #2, #3, and #5 are key 

objectives. All of them relate to damages. Objective #2 states the need for common fragility 

curves. Common fragility curves mean three things: (1) All members of the taxonomic group 

share a common set of damage states relevant to the facility´s seismic performance; (2) All 

members are sensitive to the same type of excitation (force, deformation, acceleration, etc.); 

and (3) The excitation at which members enter a particular damage state is identically 

distributed. The cumulative distribution functions of these capacities are the fragility functions 

(or fragility curves). Objective #3 states that the taxonomy should allow an analyst to choose a 

new group for a building component that has been retrofitted. This requires that the grouping 

is expandable, or in other words, collapsible (objective #9). Porter (2005) presents five 

collapsible levels. Objective #5 highlights the need to be able to assess consequences of 

damages, acknowledging that damages are not just the initial impact damages, but also a chain 

of damages and affects. This is of particular importance when defining a stakeholder 

perspective to understand what consequences are important to the stakeholder. 

 

Porter´s approach is based on Performance-Based Earthquake Engineering (PBEE). The 

premise of PBEE is to take stakeholder perspective into account during the design phase. Due 

to its relevance to the subject matter herein, PBEE is explained in the last subsection of Section 

2.  
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2.2 Step 2: Stakeholder Perspective  

2.2.1 Defining Stakeholder Perspective 
 

A stakeholder is a person or group with an interest or concern in a particular matter. A 

stakeholder perspective is governed by a stakeholderś objectives, including their ability to 

control their surroundings. To further understand stakeholder perspective, it is necessary to 

understand what is of value to the stakeholder. The Sustainable Livelihood Framework divides 

all things of value (assets) into five categories, Physical, Human, Environmental, Economic 

and Social. These categories can also be used to define damages and consequences, for 

example:  

¶ Physical impact: loss of function, rubble, unsafe placarding, repair cost 

¶ Human impact: Injuries, deaths 

¶ Environmental: Pollution, hazards material accidents 

¶ Economic: Downtime, cascading, economic loss, business interruption, output loss, 

loss of wages 

¶ Social: Societal break down, e.g., lost social contact due to loss of communication; 

emotional impact, services, e.g. loss of medical assistance or welfare, loss of home 

 

Building related stakeholders come into play at different times of the building life cycle. Some 

are important before the design work begins, like lenders and insurers, others can affect the 

design process like owners, and users, e.g., hospital staff may make decisions about the layout 

and NSC although they do not own the hospital. Yet others make decisions that affect the 

response of NSC after the building is built, e.g., the occupants. 

 

This part of the desktop study led to twelve references, covering building owners (2), occupants 

(1), facility managers (5), local building and safety staff members (1), and post-earthquake 

damage inspectors (3), and one reference from a workshop that covered a variety of building 

related stakeholders (ATC-58, 2002). These references are listed in Annex C. These references 

provide a general idea of the normal day-today goals and objectives of each stakeholder.  

2.2.2 Chosen Stakeholder Perspectives 
 
After reviewing these references, it was decided to use the stakeholder perspective definitions 

outlined in FEMA 445 (FEMA 2006) Next-generation performance-based earthquake 

engineering design criteria for buildings. Stakeholder perspectives are presented here for five 

chosen stakeholders. Paragraphs marked ñFEMA 445:ò are taken directly from FEMA 445. 

2.2.2.1 Owners and Managers  
 

FEMA 445: Owners and managers are responsible for commissioning building design and 

construction, acquiring, maintaining and/or operating buildings and facilities. They make 

decisions about catastrophic risks that lead to action (or inaction) on a relatively narrow scale. 

Motivations generally spring from the best interests of the specific business or institution. 

Within the owner/manager category, three perspectives have been identified as important for 

interaction: investors, institutions and industry.ΟThis distinction between these categories 

reflects the assumption that different stakeholder groups characteristically have different 

motivations and criteria for decisions relative to catastrophic hazard mitigation. It is important 

to capture these distinctions (e.g., investment risk, operational risks, and market risks). 

 

The desktop study revealed that with advances in the technology and design of building services 

and fabric, the complexity of modern buildings demands ever-increasing awareness of how 

they operate in order to achieve the optimum benefits and cost savings available. The technical 
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detail is available to the professional and technical staff involved with the operation and 

maintenance of the building through operation and maintenance manuals. 

2.2.2.2 Societal and Governmental Interests  
 

FEMA 445: This stakeholder category includes those who represent broader societal and 

governmental interests. These individuals view catastrophic risk in a different context than do 

owners/managers. Their focus is on public safety and the impact of catastrophes on 

local/regional/national economies. Their decisions relate primarily to public policy, legislation 

and administration. The societal/governmental category is separated into three perspectives for 

focus groups: policy-makers, regulators, and special interest and advocacy groups. This reflects 

the different levels of sophistication, scope of decision-making and problem-solving ability, 

and types of criteria used by the three groups: 

¶ Policy-makers are making broadly applicable decisions for the community.  

¶ Regulators are considered more as ñenforcers,ò focused on the problem one building at 

a time. 

¶ Special interest and advocacy groups ñspeakò for the interested and affected public). 

2.2.2.3 Financial Managers 
 

FEMA 445: The third stakeholder category is primarily financial in nature. The owner/manager 

and the societal/governmental stakeholder categories have a direct stake in decisions about risks 

associated with buildings (e.g., protect the assets and protect the community interest). Financial 

stakeholders, however, have an indirect interest in building performance decisions made by 

others. Their decisions relate primarily to whether or not to assume risk associated with 

buildings and at what compensation level. The financial category might be represented by three 

focus groups: lenders, insurers, and securities packagers. Financial stakeholders differ from the 

previous two categories in that the stake is indirect: the concern is the financial risk associated 

with the decision to finance or assume risk, rather than in protection of people or owned assets. 

The three groups (lenders, insurers, and securities packagers) represent different views with 

respect to when and how the financial decisions are made, which in turn may impact how they 

characterize the risk and performance issues. Financial stakeholders tend to use very complex 

statistical and mathematical tools for decision-making. 

2.2.2.4 Design Professionals, Consultants, and Researchers  
 

FEMA 445: The fourth category of stakeholders are design professionals, consultants, and 

researchers. The design and consulting communities are the conduits through which design will 

be implemented.  

 

This group of stakeholders is key to the success of disk risk management procedures being 

understood and implemented by owners, managers, and other previously mentioned 

stakeholders. They provide the information that allows others to assess options and decide what 

measures to take. However, designers, consultants, and researchers do not have a building 

related perspective that relates to a facility; they need to understand everybody else´s 

perspective for design purposes, and are therefore not used as a stakeholder group in the 

development of the method. 

2.2.2.5 Homeowners 
 
The fifth  category of stakeholders chosen for task C1 are homeowners. This perspective is 

developed by listing individual rooms likely to be in a home, and NSC that are likely to be 

found in these rooms. 
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2.3 Step 4: NSC Damage Characterization   

2.3.1 General NSC Damage States 
 

As stated before, all members of a taxonomic group share a set of damage states relevant to the 

facility´s seismic performance. A set of damage states describe the various levels of damage a 

component can sustain due to an earthquake or other damaging processes, from no damage to 

destroyed. The number of damage states used to describe this range depends on the interest of those 

who develop them and the information available to develop them. Pantoli et al. (2016) define general 

minor, moderate, or severe damage states for NSC in the following manner: 

 

¶ Minor : Primarily aesthetic or easily repairable damage that would not pose a hazard to 

occupants. Examples of this damage include easily repairable cracks in partition walls, 

facades or drywall ceilings and small movement of equipment or contents that do not 

affect their functionality.  

 

¶ Moderate: Requires repair to ensure optimal functionality of the component, but it does 

not require evacuation of the building nor pose a life safety hazard. Examples include 

damage to the connections that require their replacement and damage to access doors that 

prohibit their smooth or complete opening.  

 

¶ Severe: Poses a significant life-safety hazard directly or indirectly (i.e., threatens safe 

evacuation). Examples include complete detachment of gypsum boards from partition 

walls, excessive loss of ceiling tiles, toppling of equipment or contents, complete failure 

of the opening mechanism of doors, or failure of critical elements of an egress that would 

render it unusable.  

 

These general descriptions are based on three criteria: repair level, functionality, and life-safety. 

The examples provided with each damage state give insight into the type of damage that can 

occur. Lumping together large varieties of NSC, such as tile finish, interior partitions, electrical 

equipment, will produce large uncertainty in component damageability, and therefore large 

uncertainty when assessing facility-level performance.  

 

Descriptions of damage within each damage state help stakeholders to gain an understanding 

of what to expect during earthquakes and use for decision making.  

2.3.2 NSC Fragility Curves 
 

Designers of new construction or retrofitting need access to fragility curves in order to estimate 

damages. Due to the large number of diverse NSC many fragility curves are needed. The 

desktop study identified the following fragility curves for NSC provided by FEMA (2012):  

¶ Exterior wall construction  

¶ Exterior glazing systems  

¶ Roof tiles, masonry chimneys, and parapets  

¶ Interior partitions  

¶ Ceilings  

¶ Stairs  

¶ Elevators  

¶ Mechanical equipment and distribution systems (e.g., chillers, cooling towers, air 

handling units, piping, and ducting)  

¶ Electrical equipment and distribution systems (e.g., transformers, switchgear, 

distribution panels, battery racks, recessed lighting, and pendant lighting)  

¶ Access floors, workstations, bookcases, filing cabinets, and storage racks  
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2.3.3 Stakeholder priority damage aspects  
 

In 2002, the Applied Technical Council held an invitational workshop in Chicago, Illinois on 

communicating earthquake risk, and asked stakeholders questions to help identify what aspects 

of damage were important to them (ATC 2002). Participants were an expanded group of 

stakeholders including commercial real estate investors, insurers, lenders, attorneys, and 

architects. Their collective opinions were used to select concepts for expressing and measuring 

consequences. The priority aspects of damage were: 

¶ Primary issues  

o Life losses  

o Direct and indirect economic losses 

¶ Amount of time that an individual facility would be out of service (downtime) 

¶ Low probability but potentially significant consequences of earthquakes 

¶ Uncertainties associated with prediction of the effects of earthquakes and the 

performance of individual affected structures 

 

Regarding financial losses, some of the participants: 

¶ Acknowledged that they would implement rigorous cost-benefit type analyses to assist 

in the risk-selection decision making.  

¶ Indicated that there was no unique time window over which such economic outcomes 

would be considered and that each investment or development opportunity would be 

evaluated using the time frame most appropriate to that individual decisions. Generally, 

however, time frames that stretched to perhaps a few tens of years were better received 

than time frames that ran to hundreds or thousands of years. 

2.3.4 Injuries associated with NSC 
 

As stated above, the ATC 2002 workshop identified life-safety as the most important aspect of 

risk. The desktop study uncovered literature on economic equivalent value of deaths and 

injuries, where the economic value of non-fatal injuries is noted to be of great importance and 

severely ignored during risk studies (Porter et al., 2006).  

 

Porter et al. (2006) provided the following information: FEMA-356 (ASCE 2000), which 

defines whole-building performance levels in its performance-based earthquake engineering 

methodology, explicitly mentions, and accepts, the potential for injuries under its life-safety 

structural and nonstructural performance levels, but makes no mention of nonfatal injuries 

under the immediate occupancy, damage-control, or operational performance levels, at which 

levels the vast majority of injuries probably occur. The 1994 Northridge earthquake injured 

approximately 246,000 people. Of the injury cost, 96% is associated with nonfatal injuries and 

less than 1% is associated with structural damage. The majority of the injury cost is associated 

with nonstructural damage. Causes of injuries during the 1994 Northridge earthquake include:  

¶ Majority of injuries were minor (cuts, bruises, and sprains), caused by nonstructural 

objects (55% of injuries, resulting from falling objects, pictures, lights, broken glass, 

etc.) 

¶ Falls (22%)  

¶ Behavior such as jumping out of a window or catching a falling television (15%).  
 

2.4 Step 6: Disaster Risk Management Procedures  
 

The disaster-risk management methodology used in this study is based on Disaster-Function 

Management approach (Thorvaldsdóttir 2016), which provides an overall goal for disaster-

related activities, specific disaster-related objectives, and offers a list of basis activities 
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associated with each objective. It is based on the principle of Management by Objectives from 

Classical Management Theory. 

2.4.1 Disaster and Disaster-Related Goal 
 
Before discussing how to deal with a disaster it is necessary to have a clear definition of what 

a disaster is. There are many definitions of a disaster. The definition used herein is as follows 

(UNISDR, 2009):  

A disaster is a serious disruption of the functioning of a community or a society 

involving widespread human, material, economic or environmental losses and impacts, 

which exceeds the ability of the affected community or society to cope using its own 

resources.  

This definition includes both the societal problems due to different types and of impacts, and 

the ability to cope with such impacts and losses, indicating not only the problem but also a 

solution.  

An important aspect of this definition is that a disaster is the serious disruption, not the cause 

of the disruption, there is a subtle but significant difference. That means that the disaster (i.e., 

the disruption) is also on going throughout recovery, and eventually dies out as the recovery is 

complete. This is highlighted here to avoid the misunderstanding that recovery is a post-disaster 

activity. Systematic learning to improve the DRM system is the only post-disaster activity. 

 
The goal of a disaster-related management system outlines what the system does; what it 

produces. The overall goal of a disaster-related management system is obtained by rephrasing 

the definition of a disaster as follows: 

 

The goal of a disaster-related management system is to guide organizational members 

on what to do in order to minimize the risk of serious disruptions to the functioning of 

the organization involving widespread human, material, economic or environmental 

losses and impacts is low, and to cope with such events using oneôs own resources if 

they occur.  

 

If this goal is not met, a secondary goal of the system is to cope with serious disruption with 

the assistance of others. 

2.4.2 Theoretical Disaster Phases 
 

There are two fundamental disasters phases: on-going disaster and non-disasters. However, it 

is convenient to use three theoretical phase: before a disaster (risk), during a disaster 

(operations), and after a disaster (learning). These phases are only for theoretical purposes. The 

purpose of defining phases is not to lock people into separating their activities into different 

phases of activity, but to help clarify the objectives needed to define DRM activities. The 

fundamental aim of DRM is therefore to address the DRM objectives (described next section) 

at any time that an objective is relevant. Once people get used to working with objectives, the 

notion of phases will become obsolete.  

2.4.3 DRM Objectives and Disaster Functions 
 

There are eight DRM objectives (Thorvaldsdóttir and Sigbjörnsson, 2014), listed in the table 

2.1. The first three are pre-disaster objectives, the next four are objectives for disaster 

operations, and last objective focusing on learning from experience. 

 
Table 2-1 Disaster-related objectives (Thorvaldsdóttir and Sigbjörnsson, 2014) 
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# Disaster-related objectives 

1. To understand disaster risk, its components and context 

2. To measurably reduce known disaster risk 

3. To prepare for dealing with future disasters 

4. To gain control over actual damaging processes  

5. To perform lifesaving operations 

6. To provide temporary assistance (relief) to those affected 

7. To implement non-temporary measures in order to return a community to normalcy 

8. To systematically learn from recent events and implement changes 

 
A disaster function (DF) is defined as a set of coordinated activities that are collectively 

managed to meet one the disaster-related goals. Disaster Functions (DF) are management 

functions. Management functions group and manage actors that work on similar activities. A 

disaster function therefore groups and manages activities needed to meet one of the eight 

disaster-related objectives listed in the table 2.2, (Thorvaldsdóttir and Sigbjörnsson, 2014). 

Terminology for the disaster functions associated with each of objectives is presented in the 

table below. 

 
Table 2-2 Disaster Functions (Thorvaldsdóttir and Sigbjörnsson, 2014), 

DF# Disaster Function 

DF1 Disaster Risk Analysis 

DF2 Disaster Risk Mitigation 

DF3 Operations Preparedness 

DF4 Impact Operations 

DF5 Rescue Operations 

DF6 Relief Operations 

DF7 Recovery Operations 

DF8 Systematic Learning 

 

Basic procedures associated with each DRM objective are listed in the tables below 

(Thorvaldsdóttir, 2016). These lists are not exhaustive, meaning more activities can be added 

to the lists as needed, but they are crucial, meaning that they all need to be included. The 

procedures in table 2.3 are those to be followed prior to a disaster.  

 
Table 2-3 Pre-disaster procedures (Thorvaldsdóttir, 2016), 

DF#1 Disaster Risk Analysis Basic Activities 
DF1.1 Develop natural process parameters, such as peak values, temporal changes, geographical variations and 

probabilities of occurrence (hazard analysis). 

DF1.2 Classify, characterize and inventory objects exposed to a hazard, such as structures, people and services. 

DF1.3 Develop damage models and determine vulnerability factors. 

DF1.4 Develop probabilistic or deterministic scenarios, consisting of direct damages, losses and human impact, and 

cascading damages and consequences, such as loss of function and service disruptions, from a human, 

material, economic or environmental perspective. 

 
DF#2 Mitigation Basic Activities 

DF2.1 Identify opportunities for reducing risk through land-use planning, building codes, construction inspection, 

public education in making homes and work places safer, financial insurance, service backup systems, and 

other measures. 

DF2.2 Analyse each option, based on cost, estimated time of completion, resources required, effectiveness as in level 

of risk reduced, benefits per beneficiary, and other relevant aspects. 

DF2.3 Compare benefits of different options and different combinations of options, and select an option or a 

combination. 

DF2.4 Implement and monitor actual reduced risk and re-evaluate choice against anticipated reduction. 
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DF#3 Operations Preparedness Basic Activities 

DF3.1 Develop standard procedures for assessment and coordination for impact, rescue, relief and recovery 

operations. 

DF3.2 Establish facilities and communications networks and procure equipment. 

DF3.3 Write contingency plans based on DF1.4 scenario. 

DF3.4 Train personnel and test plans. 

 
The operations preparedness (DF#3) produces need to be developed for each of the four types 

of disasters operations, i.e., for DF#4, #5, #6, and #7 during disasters. The procedures for the 

four types of operations are listed in Table 2.4 

 
Table 2-4 Disaster operations procedures (Thorvaldsdóttir, 2016) 

DF#4 Impact Operations Basic Activities 

DF4.1 Monitor natural processes and damaging processes, diagnose current situation and forecast possible turn of 

events and convert existing impact contingency plan to an operations plan. 

DF4.2 Protect population to avoid the need for rescue operations through warnings, directives, closing off areas, and 

evacuations, to the extent possible. 

DF4.3 Protect property by redirecting natural processes, such as sandbagging, digging diversion trenches, cooling 

lava and control of reservoir spillways. 

DF4.4 Halt or reduce on-going damaging process by intervening, such as stopping leaking gas lines, putting out fires, 

avoiding potential explosions, and shoring damaged structures. 

 

DF#5 Rescue Operations Basic Activities 

DF5.1 Perform reconnaissance missions to gain overview and convert rescue contingency plan to an operations plan. 

DF5.2 Search for, locate, access, medically assist people and ensure their safety. 

DF5.3

  

Transport victims, and hand them and information about them over to medical facilities or other parties.  

DF5.4 Perform support operations, such as crowd control and closing off of hazardous areas. 

 

DF#6 Relief Operations Basic Activities 

DF6.1 Perform needs assessments to get an overview and convert relief contingency plan to an operations plan. 

DF6.2 Sustain life and provide temporary relief through providing for basic needs, such as shelter, water, food, 

cooking facilities, heat, clothing, fuel, physical and mental health, and financial assistance. 

DF6.3 Make temporary repairs to homes, roads and bridges, etc. 

DF6.4 Make temporary repairs for temporary renewals of services, such as intermittent power supply.  

DF6.5 Perform support operations, such as crowd control and closing off of hazardous areas. 

 

DF#7 Recovery Operations Basic Activities 

DF7.1 Perform a situation assessment to get an overview and convert contingency plan to an operations plan. 

DF7.2

  

Restoration processes: remove rubble and clean up the affected area, reunite family members and bury the 

deceased, fully restore services and reconstruct the physical environment. 

DF7.3 Reform processes: renew urban planning and revise building codes. 

DF7.4 Re-establish livelihoods, and support the physical and mental rehabilitation of people, their hope and 

eagerness for the future. 

 

2.5 Step 8: Defining Facility-Specific NSC 
 
References from the desktop study were chosen to help identify NSCs for hospitals and schools. 

These NSCs are presented in the subsections below. They are not meant to be exhaustive, but 

representative, in order to show the differences between facility perspectives. The third facility 

type, residential buildings (homes), is created from author´s experience. 

2.5.1 Hospitals 
 

Achour et a. (2011): 

 

¶ Healthcare key factors are often classified into two categories 

o Physical (structural and non-structural) 
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o Social (staff and administrative parts, e.g., partnerships with other 

organizations) 

¶ Structural and architectural, (ii) equipment, and (iii) utilities 

¶ Structural and architectural damage tended to be different and specific to the 

situation, while utility supplies and equipment damage were similar in most cases 

with some common trends. 

¶ Experience shows that all medical departments must be able to provide diagnosis and 

treatment to injury. 

¶ A hospital is a hotel (lobby with check in and check out, kitchen, laundry, beds, 

bathrooms), an office building, a laboratory, and a warehouse. 

¶ A typical healthcare facility depends on the following components: 

o The state of its buildings 

o Continuity of its utility supplies 

Á Electrical 

Á Water 

Á Telecommunications 

o Availability and sufficiency of staff 

o Diagnose and treatment equipment and medical supply 

o Easy accessibility for its daily operation 

¶ Interdependency of systems: power generations needed to be switched off due to loss 

of water used for its cooling system. Can switch to air cooling systems. But need to 

understand the characteristics of damages and interdependency. 

¶ Unstable equipment damages other equipment and utilities 

 

McIntosh et al. (2012): 

 

¶ Windows, suspended ceilings, partition walls, floor coverings, medical equipment, 

and building content.  

¶ Ceilings: The repair takes hours to days, but the repairs have been going on for 

months. Led to a pre-cautionary evacuation. 

¶ Walls: did not lead to loss of function, but the areas damaged had to be shut down for 

repair. 

¶ Egress: staircases damaged and propped up to remain functional during the 

emergency phase. The stairs were taken out of service one at a time and repaired. 

Emergency lights failed due to lack of power. Elevators where either damaged or 

automatically shut down. Staff members were injured during the evacuation. 

¶ Pumps and chillers in rooftop plant rooms jumped off their mounts 

¶ Internal and external roof coverings and roof top water tanks, that lead to ingress of 

water into the floors below, leading to evacuation (with no elevators and damaged 

staircases). 

¶ Loss of internal and external services and damages to back-up systems 

o Waste-water. Broken sewage pipes had to be replaced 

o Water. Main water was out for day, and full pressure did not come back for a 

week. The lack of water impaired other systems. The hospital had a backup 

water system, but that did not prove sufficient. 

o Power 

o Hospital suction. The ventilation system is important in maintaining an 

appropriate pressure gradient in different areas of hospitals. Infection-

controlled areas, malfunction could create a risk of infection to patients and 

staff. 

o Hospital backup power systems failed (e.g. oil pressure gauge broke, clogged 

filters due to sediments in tanks that had been disturbed by the ground 

shaking, difficulty in priming pumps, shortages to the main low-voltage 
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switchboard caused small fires, damaging main electrical panel and further 

complicating power restoration efforts) 

 
Pantoli et al. (2016):  

 

¶ EGRESS 

o Steel Stairs 

o Passenger Elevator 

¶ ARCHITECTURAL FAÇADES 

o Levels 1ï3: Cold-Formed Steel (CFS) Balloon Framing Overlaid with Synthetic 

Stucco 

o Levels 4-5: Precast Concrete Cladding Panels 

¶ INTERIOR ARCHITECTURAL COMPONENTS 

o Ceilings 

o Partition Walls 

o Level 1: Access Doors 

¶ SERVICES 

o Heating, Ventilation, and Air Conditioning (HVAC): 

o Electrical Distribution System: 

o Fire Sprinkler System: 

o Gas piping: 

¶ EQUIPMENT  

o Level 2: Residential and Laboratory 

o Level 3: Computer Servers  

o Levels 4ï5: Medical 

Á Patient care beds and stretchers: 

Á Carts and shelves: 

Á Ultrasound imagers: 

Á Intensive care unit breakout door 

Á Headwall 

o Roof: Penthouse, Air Handling Unit, Cooling Tower 

2.5.2 Schools 
 

FEMA_395 (2005): 

Unsafe buildings expose school administrators to the following risks: 

¶ Death and injury of students, teachers, and staff  

¶ Damage to or collapse of buildings  

¶ Damage and loss of furnishings, equipment, and Οbuilding contents  

¶ Disruption of educational programs and school operations  

Initiate housekeeping or maintenance measures to reduce or eliminate risks from earthquake 

damage to equipment, furnishings, and unsecured objects in buildings. Work may include such 

tasks as: 

¶ Fastening desktop equipment  

¶ Anchoring bookcases, storage shelves, etc.  

¶ Restraining objects on shelves 

¶ Securing the storage of hazardous materials such as chemicals 

Check that: 

¶ All classroom doors, doors of high-occupancy rooms, and doors to outside open 

outwards; 
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¶ Exit pathways are kept clear; make sure that all building occupants can safely exit in 

case building evacuation is necessary 

¶ Non-structural building elements are securely fastened to the buildings 

¶ Fire suppression equipment is located appropriately and maintained in good working 

condition; 

¶ Flammable and combustible materials are limited, isolated, eliminated, and separated, 

away from dangerous interactions and heat sources; 

¶ Electrical systems are maintained and are not overloaded; 

¶ Classrooms have two exits wherever possible. (Sometimes the second exit is a 

window.) 

 

Perform: 

¶ Move heavy items below head level; 

¶ Tightly secure tall and heavy furniture and appliance to walls, floors and ceilings. 

(e.g., use L-brackets to walls or spring-loaded adjustable tension rods to ceiling or 

wedges under bottom front, or strip barrier fastened to tabletop, as appropriate); 

¶ Fasten cabinet doors and drawers with latches that will hold shut during shaking; 

¶ Secure heaters and cooling systems suspended inside or outside of building; 

¶ Fasten liquid propane gas tanks, fire extinguishers and other gas cylinders to the wall; 

¶ Protect from glass that may break into large shards (e.g., rearrange furniture, use 

window film, curtains, or install strengthened glass.); 

¶ Secure heavy and important electronic items to table top or floor using straps and 

clips, buckles or Velcro; 

¶ Secure lighting fixtures to ceiling; 

¶ Fasten pictures on closed hooks; 

¶ Limit, isolate, eliminate or secure hazardous (poison, flammable) materials. 

 

Standard emergency response procedures are built around six basic emergency procedures 

detailed below: 

¶ Building evacuation; 

¶ Shelter-in-place; 

¶ Assemble and shelter outside; 

¶ Evacuate to safe haven; 

¶ Emergency student release/family reunification. 

 

Seismic performance improvements for schools are presented in figure 2.1 

2.5.3 Residential Buildings 
 

By going over the functionality of each room that is in a typical residential building, a home 

will provide a person with the following facilities: 

¶ Kitchen: food, drinks, place to cook, cooking utensils, cookers 

¶ Bedroom: sleep, rest, clothes 

¶ Bathroom: toilet, cleaning, cleaning utensils (toothbrush, towels) 

¶ Laundry-room: washing clothes, drying clothes 

¶ Living room: social life, connection to media (TV) 

¶ Home office: source of income 

¶ Garage: car, car-keys may be somewhere else. 

¶ Communication (less dependent if have mobile phone), routers 

¶ All your worldly possessions are usually kept in your home 

¶ Biggest financial investments are usually in your home 

¶ Emotional values: memorabilia 

¶ Refuge, safety behind locked doors, protected by law. 
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Figure 2-1 NSC Seismic Performance Improvements (Figure page C-21 in FEMA 2005) 

 

2.6 Performance Based Earthquake Engineering 
 

Due to the significance of Performance Based Earthquake Engineering (PBEE) and 

Performance Based Seismic Design (PBSD) to Task C1, the basic concepts are outlined herein. 

PBSD is a design process of new buildings, or seismic upgrade of existing buildings, which 

includes a specific intent to achieve pre-defined seismic performance objectives in future 

earthquakes (FEMA 2012). Performance assessment is the process used to determine the 

performance capability of a given building design. In performance assessment, engineers 

conduct structural analyses to predict building response to earthquake hazards, assess the likely 
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amount of damage, and determine the probable consequences of that damage. As stated in 

FEMA (2012), this approach is best utilized for critical facilities or other structures where 

increased performance, can be justified, there will always be a need for typical prescriptiveï

based building codes for buildings that require a typical level of engineering involvement.  

Moehle and Deierlein (2004) FEMA P-58-1 (2012), Porter (2003), and other references, 

describe the methodology and application. The following description of PBEE objectives and 

methodology, and all figures are from these references. 

2.6.1 Performance Objectives 
 

The PBEE objectives are expressions of performance in the form of probable damage and 

resulting consequences associated with earthquake shaking. Each performance objective is a 

statement of the acceptable risk of incurring damage or loss for identified earthquake hazards.  

The following performance objectives, i.e., measurable objectives, are used in PBEE: 

  

1. Casualties. Loss of life, or serious injury requiring hospitalization, occurring 

within the building envelope. 

2. Repair cost. The cost, in present dollars, necessary to restore a building to its 

pre-earthquake condition, or in the case of total loss, to replace the building with 

a new structure of similar construction.  

3. Repair time. The time, in weeks, necessary to repair a damaged building to its 

pre-earthquake condition.  

4. Unsafe placarding. A post-earthquake inspection rating that deems a building, or 

portion of a building, damaged to the point that entry, use, or occupancy poses 

immediate risk to safety. 

Design professionals, owners, and other stakeholders jointly identify the desired building 

performance characteristics, and determine levels. The effects of these decisions are evaluated 

to verify that the final building design is capable of achieving the desired performance, followed 

by a performance assessment, where engineers compare the predicted performance capability 

with the desired performance objectives. If the assessed performance is equal to or better than 

the stated performance objectives, the design is adequate. If the assessed performance does not 

meet the performance levels, the design is revised or the performance levels altered, in an 

iterative process, until the assessed performance and the desired objectives match. The iterative 

design process is presented the flowchart in figure 2.2. 

 
Figure 2-2 PBEE iterative process (Figure 1.1 in FEMA 2012) 

For new buildings, preliminary design information must be developed to a sufficient level of 

 

FEMA P-58-1 1: In trod uc tion  1-3 

 Develop a framework for performance assessment that properly accounts 

for, and adequately communicates to stakeholders, limitations in our 

ability to accurately predict response, and uncertainty in the level of 

earthquake hazard. 

 Revise the discrete performance levels defined in present-generation 

procedures to create new performance measures that better relate to the 

decision-making needs of stakeholders.   

 Create procedures for estimating these new performance measures for 

both new and existing buildings. 

 Expand current nonstructural procedures to explicitly assess the 

damageability and post-earthquake condition of nonstructural 

components and systems. 

 Modify current structural procedures to assess performance based on 

global response parameters, so that the response of individual 

components does not unnecessarily control the prediction of overall 

structural performance. 

1.3 The Perform a nce-Ba sed  Desig n Process  

In the performance-based design process, design professionals, owners, and 

other stakeholders jointly identify the desired building performance 

characteristics at the outset of a project.  As design decisions are made, the 

effects of these decisions are evaluated to verify that the final building design 

is capable of achieving the desired performance.  Figure 1-1 presents a 

flowchart for the performance-based design process. 

 

Figure 1-1 Flowchart of the performance-based design process. 
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detail to allow determination of performance capability. In the case of existing buildings, basic 

building design information is already defined, but preliminary retrofit measures must be 

developed (if necessary). 

Once performance objectives are selected, designs must be developed and the performance 

capability determined. As a minimum, basic building design information includes:  

(1) Location and characteristics of the site;  

(2) Building size, configuration, and occupancy;  

(3) Structural system type, configuration, strength, and stiffness; and  

(4) Type, location, and character of finishes and nonstructural systems.  

2.6.2 Methodology  

 
The first generation of PBEE conceptualized the problem as shown in the figure 2.3. Here, the 

building is visualized as being loaded by earthquake-induced lateral forces that result in four 

performance-oriented descriptions: Immediate Occupancy, Life Safety, Collapse Prevention, 

and Collapse. Various shortcomings were identified on the approach to determining 

engineering demand, component performance, and structural performance, which resulted in a 

second generation, the PEER methodology. 

 

 

Figure 2-3 First generation PBEE methodology (Figure 1 in Moehle and Deierlein, 2004)  

The current PBEE methodology has four stages of analysis: hazard analysis, structural analysis, 

damage analysis, and loss analysis, presented in the figure 2.4. Nonstructural components are 

important in the third and fourth analytical stages.  

 

accelerations, or other response quantities calculated by simulation of the building to the input ground 

motions.  Engineering Demand Parameters are next related to Damage Measures, which describe the 

condition of the structure and its components.  Finall y, given a detailed probabilistic description of 

damage, the process culminates with calculations of Decision Variables, which translate the damage into 

quantities that enter into risk management decisions.  Consistent with current understanding of the needs 

of decision-makers, the decision variables have been defined in terms of quantities such as repair costs, 

downtime, and casualty rates (Figure 1).  Underlying the methodology is a consistent framework for 

representing the inherent uncertainties in earthquake performance assessment. 

While full realization of the methodology in professional practice is still years away, important advances 

are being made through research in PEER.  Some specific highlights are presented in the following text. 

FORMALIZATION OF THE FRAMEWORK 

Given the inherent uncertainty and variability in seismic response, it follows that a performance-based 

methodology should be formalized within a probabilistic basis.  Referring to Figure 2, PEERôs 

probabilistic assessment framework is described in terms of four main analysis steps (hazard analysis, 

structural/nonstructural analysis, damage analysis, and loss analysis).  The outcome of each step is 

mathematically characterized by one of four generalized variables:  Intensity Measure (IM), Engineering 

Demand Parameter (EDP), Damage Measure (DM), and Decision Variable (DV).  Recognizing the 

inherent uncertainties involved, these variables are expressed in a probabilisti c sense as conditional 

probabilities of exceedance, i.e., p[A½B].  Underlying the approach in Figure 2 is the assumption that the 

performance assessment components can be treated as a discrete Markov process, where the conditional 

probabilities between parameters are independent. 

The first assessment step entails a hazard analysis, through which one evaluates one or more ground 

motion Intensity Measures (IM).  For standard earthquake intensity measures (such as peak ground 

acceleration or spectral acceleration) IM is obtained through conventional probabilistic seismic hazard 

analyses.  Typically, IM is described as a mean annual probability of exceedance, p[IM], which is specific 

to the location (O) and design characteristics (D) of the facility.  The design characteristics might be 

described by the fundamental period of vibration, foundation type, simulation models, etc.  In addition to 

determining IM, the hazard analysis involves characterization of appropriate ground motion input records 

for response history analyses.  PEERôs research on hazard analysis involves close coordination with the 

earth science and engineering seismology communities both to improve the accuracy of determining 

conventional scalar IMs and to investigate alternative seismic intensity measures that best correlate with 

earthquake-induced damage.  These alternative measures may include vector representations of multiple 
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Figure 2 ï Underlying probabil istic framework (after Cornell, Port er) 
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Figure 2-4 Four analysis stages of PBEE (Figure 2 in Moehle and Deierlein, 2004) 

The outcome of each step is mathematically characterized by a generalized variable: 

 

1. Intensity Measure (IM) , ground motion parameter, which defines in a probabilistic 

sense the salient features of the ground motion hazard that affect structural response. 

2. Engineering Demand Parameters (EDP), which describe structural response in terms 

of deformations, accelerations, or other response quantities calculated by simulation of 

the building to the input ground motions. 

3. Damage Measures (DM), which describe the condition of the structure and its 

components. 

4. Decision Variables (DV), which translate the damage into quantities that enter into 

risk management decisions. Consistent with current understanding of the needs of 

decision-makers, the decision variables have been defined in terms of quantities such 

as repair costs, downtime, and casualty rates 

 

Due to inherent uncertainties, the four variables are expressed in a probabilistic sense as 

conditional probabilities of exceedance, i.e., p[A|B]. The approach is based on the assumption 

that each stage can be treated separately, where the conditional probabilities between 

parameters are independent.  

2.6.3 Damage Analysis and Damage Measures 
 

A damage analysis relates earthquake demand parameters (EDPs), such as interstory drift, 

deformation, and associated forces, to damage measures (DMs). The DMs include quantitative 

descriptions of damage to structural elements, nonstructural elements, and contents.  

 

To be useful within the probabilistic context of the PBEE framework, the DMs are defined in 

terms of fragility relations. Fragility functions (or curves) model the probability of physical 

damage (conditioned on structural response, design, and location outlined in first two stages). 

Damage is commonly described as the ratio of repair cost to replacement cost. Figure 2.5 shows 

fragility relations for nonstructural partition walls, identifying probability of being in a given 

Damage State as a function of the interstory drift ratio for three damage states. The damage 

states in this case describe the damage and the repairs needed: 

1. Least damage: Small cracks only (paste, tape, repaste and paint).  

2. Moderate damage: Wide cracks in gypsum boards (replace gypsum boards) 

3. Most damage: Sever damage to gypsum boards and distortion of metal frame (replace 

partition) 

 

Implementation of the procedures requires data on structural and non-structural fragility, and 

estimates of potential casualties, repair cost, and repair times, associated with this damage. 

 
 

Figure 2-5 Example fragility curves (Figure 8 in Moehle and Deierlein, 2004) 
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2.6.4 Loss Analysis and Decision Variables 
 

Losses are presented as repair costs, operability, and repair duration, and the potential for 

casualties. These measures of performance (i.e., performance metrics) are referred to as 

Decision Variables (DV), since they are used to inform stakeholder decisions about future 

performance.  

 

When addressing decisions, it is important to understand how DVs relate to different 

stakeholders. For example, the loss of 90 percent of the air conditioning in a facility may 

represent a fixed cost of replacement for a range of occupancies, but the impact on functionality 

will vary greatly depending on the occupancy (a hospital would be completely nonfunctional 

while an office building may be able to continue operations).  

2.6.5 Example of Damage States 
 

The figure presents an PBEE application of a bridge. Unlike buildings where collapse hazard 

to occupants, repair costs, and loss of functionality are all significant considerations, overriding 

performance metric for the bridge the reduced capacity of a bridge coupled with the required 

time to restore the bridge to full functionality. PBEE is applied to create fragility relationships, 

such as shown in figure 2.6, which relate the ground motion IM to the probability of the bridge 

being in a specified functional state. The damages states are: 1 lane closed (75% traffic 

capacity), only emergency lane open (50% traffic capacity), and all lanes closed (0% traffic 

capacity). 

 

 
Figure 2-6 PBEE applied to a road (Figure 11 in Moehle and Deierlein, 2004) 

 

2.6.6 The 3rd Generation Methodology  
 

The 2012 PBSD methodology presented in FEMA (2012) is the result of an update PBSD, i.e., 

the 3rd generation. It was developed to improve the ability to predict response, the acceptance 

criteria, the application to the design of new buildings, and ways of communicating 


