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Abstract 

This report presents the systemic model and the performance measure for the 
seismic assessment of hospital systems. The model is made of four components: 
environment, human, organizational, physical. A description for each component is 
provided. The response of the hospital system is function of the response of the 
components. The response evaluation of the environment, the human and the 
organizational components is based on engineering judgement. The response of the 
physical component is carried out analytically by a probabilistic methodology capable 
of accounting for uncertainties. The performance of the system is evaluated with 
respect to an operational limit state. The seismic response of the structural elements, 
the architectural elements and the equipment is duly accounted for.  A performance 
measure is identified: the Hospital Treatment Capacity (HTC), defined as the hourly 
number of surgical treatment that can be provided in the aftermath of a seismic event 
conditional to the functioning of a selected set of “essential” medical services.  

The hospital treatment capacity is compared to the hospital treatment demand 
(HTD), i.e. the number of injured persons requiring surgical attention, for the 
evaluation of the seismic risk for a hospital system.   

The methodology for the evaluation of the HTC and the fragilities of the elements are 
described in details in the companion deliverables D3.10.  
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1 Introduction 

Hospitals facilities belong to the category of the so-called “complex-social” systems. 
From an engineering point of view these systems made of many components of 
different nature that jointly contribute to provide an output, which are the medical 
services in the case of hospital. From a social point of view, hospitals provide a 
fundamental assistance to citizens in every-day life; their function becomes of 
paramount importance in the case of a disaster. 

Though each complex-social system has its own peculiarities, they share common 
elements in the procedure through which their performance can be assessed. 
Complex systems can be described by the taxonomy proposed in Bea (2003), which 
identifies the following major components: procedures, organisation, operators, 
physical (structures & hardware) and environment. This system taxonomy applies 
very well to hospitals as illustrated in the figure below.  

 

Medical
Services

Operators Organisation

Facilities

Patient in Patient out

Envinroment

 
Fig. 1 System taxonomy of a hospital 

 

At the core of the system there are the medical services, which consist of 
standardized procedures established to guarantee an adequate treatment of 
patients. The medical services are delivered to patients by a joint contribution of the 
three “active” components of the system:  

• The operators, which are the doctors, nurses and in general whoever plays an 
active role in providing medical care;  

• The facility (physical component) where the medical services are delivered. 

• The organisation, which is responsible of setting up the adequate conditions 
so that the medical services can be delivered. In general, this is up to the 
hospital management through the development, the implementation and the 
supervision of the standardized procedures. 
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The environment includes all external influences to the functioning of a hospital 
system, which encompasses such diverse factors as cultural background and soil 
properties. It acts on all the “active” components both directly, through characteristics 
such as accessibility, soil conditions, etc., and indirectly, through social context, 
economic pressures, standards, educational system, etc.. 

This description should by itself be sufficient to recognise the complexities 
associated with the performance assessment of a hospital system, which is indeed a 
task significantly more demanding with respect to the assessment of “simple” 
systems such as residential buildings or bridges. In fact, for a correct evaluation of 
the system performance, contributions of all components, and their interactions, 
have to be appropriately accounted for. 

The main features of the four components of a hospital system are illustrated in the 
next chapter. The response of a hospital to cope with the seismic emergency is 
analysed in Chapter 3, providing a classification of the medical services in two 
categories: the “essential” services, which are those required to provide adequate 
care to the victims, and the “basic” services, which are those that can be temporary 
interrupted until the emergency is over. From the analysis of the system response 
under emergency a new performance measure for hospitals is derived, the Hospital 
Treatment Capacity (HTC), and presented in Chapter 4.  

The practical evaluation of the HTC index is the object of the companion 
Deliverables D3.10: Fragility functions for elements within health care facilities.  
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2 Hospital Taxonomy 

The taxonomy is the branch of science concerned with classification. The term 
origins in early 19th century, coined in French from Greek: taxis “arrangement” plus 
nomia “distribution”. It is very useful in complex systems for the identification of 
possible “macro” components and of their mutual relationships. In fact, for the correct 
evaluation of the system performance the contributions of all components have to be 
appropriately accounted for.  

The taxonomy derived for a hospital is illustrated in Fig. 1. The four components of 
the system are analysed in this chapter in order to identify: 

- the vulnerable elements of each components; 

- the relationships between components. 

The results of this classification are summarised in a table-format, which is provided 
in Appendix A.    

2.1 THE PHYSICAL COMPONENT 

The physical component of a hospital system consists of structural elements and non-
structural elements. While the former are critical to preserve the life-safety of the building 
occupants, the latter are fundamental to preserve the hospital functionality. 

A typical open-section of a building is shown in the figure below.  
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Fig. 2 Structural and non-structural components of a typical building (FEMA,1994) 

 

The structural elements are sub-systems, elements, or components that are part of the load-
bearing system such as, for example:  

• beams,  

• slabs,  

• columns,  

• joints,  

• walls,  

• etc..  
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Non-structural elements are sub-systems, elements, or components that are not part of the 
load-bearing system (but nevertheless are part of the building dynamic environment caused 
by the earthquake). Typical classification subdivides the non-structural elements into three 
categories:  

• architectural elements 

• basic installations 

• equipment/contents. 

Examples of architectural elements are: 

• Stairs 

• Exterior and partition walls 

• Doors 

• Parapets and cornices 

• Ceilings 

• Windows 

• Cladding 

• etc. 

Examples of basic installations are: 

• Power system 

• Water system 

• HVAC system 

• Medical gases 

• Fire protection  

• Communication system (internal and external) 

• Conveying system 

• Ductwork and piping systems 

• Lighting system 

• Etc. 

Examples of equipment/contents are: 

• Mechanical and electrical equipment 

• Shelves and rack systems 

• Kitchen appliances 

• Vending machines 

• Medical and laboratory equipment 

• Medicine containers 
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• Etc. 

 

While the response of structural elements under the earthquake action has been the object 
of extensive studies for the past three decades, and well-established capacity models are 
available nowadays, for the non-structural ones the current situation is quite the opposite. In 
fact, few capacity models are available and for a limited number of non-structural elements, 
and these are all characterised by large uncertainties. An overview on this topic can be 
found in Shinozuka (2001) and Lupoi et al. (2008). Fragility functions are reported in the 
Deliverable 3.10 of the Syner-G Project.  

The target performance set for hospital systems (or part of them) is to remain operational 
after a (major) seismic event. While the structural integrity performance level is essentially 
related to the behaviour of the structural elements only, the operational performance level is 
related to the response of both structural and non-structural elements. The fault tree 
representation of the target performance for the hospital physical component is given below. 

 

Structural integrity
performance level

Structural
elements

Operational
performance level

Structural
elements

Non-structural
elements

Structural
elements

Non-structural
elements

Basic 
installations

Building 
content

Architectural

 
Fig. 3 Fault tree for structural integrity and operational performance levels of the hospital 

physical component 

2.2 THE ORGANIZATIONAL COMPONENT 

In the proposed model of the hospital system, the role of the organizational component 
consists of developing, implementing and supervising all activities and procedures which 
have to be immediately activated after a seismic event in order to prevent as much as 
possible, and to promptly recover from, the negative impact of the earthquake on the 
hospital performance. In simple words, this essentially means to set up a sound emergency 
plan.  

Some examples of the provisions which should be included in an emergency plan are the 
following: 

• the adequate storage of medical supplies to face front the possible disruption to the 
supply-chain; 

• the adequate autonomy of water and power to face front possible breakdown of the 
normal system of supply; 



Components and performance of Health Care Facilities 

 7 

 

• the additional human resources to be made available in case of need through an 
effective system alert; 

• additional equipment; 

• the re-allocation of human resources, by moving some of them from the basic 
medical services to the essential ones; 

• there-location of the “essential medical services” (to be specified later on in this 
documents) so that they are provided in areas of the hospital which remain 
operational after the occurrence of the seismic event;  

• a procedure to assess correctly the need of evacuation due to the damage suffered 
by the hospital buildings. 

The management of the hospital facility is the internal unit responsible of setting up the 
emergency plan. Naturally, they need support and consultancy of experts from different 
fields. For example, the task of re-locating the essential medical services after an 
earthquake event can be carried out (by the medical management) based on the 
assessment of the hospital buildings state of damage by a structural engineer. It is noted 
that this circumstance is not infrequent; in fact, it is possible that an essential medical service 
is located in a particularly vulnerable area of the facilities, while a basic medical service is 
located in an area which satisfies the operational limit state. Under normal condition this 
does not represent a limitation to medical operation, and therefore the technical 
inconveniences and costs of a permanent moving of the services may result to be not 
justifiable; on the contrary, in the case of emergency a temporary re-location of services 
becomes mandatory and has to be appropriately planned in advance (and, if possible, 
simulated).  

A further comment is made on the last point of the above list. It is noted that the impact 
associated witha unwarranted evacuation is usually underestimated; in fact, in many cases 
the stability of the building and the safety of its occupants may be not endangered even if the 
damage could appear to be “serious”.  

The planning of the emergency is the real tool to face the unbalance between resources and 
needs that develops in the case of an earthquake. Experience tells that a hospital facility not 
provided of an emergency plan will not be able to cope with the emergency.  

2.3 THE HUMAN COMPONENT 

The human component consists of the medical doctors, of the facility staff and of the 
manager that operate in the hospital.  

They have to be appropriately trained to perform in a state of emergency, when the 
operating conditions are physically and mentally much more demanding with respect to 
normal standard. 

To positively evaluate the response capability of the hospital system, it has to be checked 
that simulation of emergency procedure involving both medical doctors and staff have been 
actually carried out periodically. At the current state-of-the-art, the capability of the human 
resources can be assessed only empirically, usually by means of questionnaires distributed 
to medical personnel and staff.  
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2.4 THE ENVIRONMENT COMPONENT 

The environment includes all external influences to the functioning of a hospital 
system. The large and diversified collection of elements included in the environment 
can be classified into elements that can be quantitatively accounted for in the 
analysis (Type 1) and elements that cannot be accounted for at the component level 
but only through global criteria (Type 2).  

 

Examples of Type 1 elements are: 

• Soil properties 

• the demography 

• the vulnerability of the building stock in the tributary area (related to the 
expected number of casualties to be treated in the case of an event) 

• etc. 

 

Examples of Type 2 elements are,  

• social context 

• economic pressures 

• educational system 

• national standards 

• etc. 

 

 

 



Components and performance of Health Care Facilities 

 9 

 

3 Hospital system under emergency condition 

3.1 RESPONSE UNDER EMERGENCY CONDITIONS 

A disaster is commonly defined, in medical terms, as an event that results in casualties 
overwhelming the healthcare system in which the event occurs (Sundnes and Birnbaum, 
2003). According to the above definition, the occurrence of an earthquake is a typical 
example of a disaster.  

The earthquake results in an external disaster, since it causes casualties (i.e. victims) that 
require medical care and it affects the lifelines connected to the hospital, as well as in an 
internal disaster, since it damages the hospital facility and it decreases the available 
resources.  

The several factors that influence the hospital response can be subdivided in two groups 
according to their effects:  

(1) those that produce an increase of the treatment demand; 

(2) those that produce a decrease of the available resources and hence of the treatment 
capacity.  

This situation is schematically illustrated in the figure below. 

 
Structural &

nonstructural damage
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Hospital

Casualties

Consequences on 
hospital system
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disaster
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equipment

Failure of 
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(material component)
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Need of evacuation
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Increase of patient
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Environment

Decrease capacity

Increase demand

Increase demand
Decrease capacity

Decrease capacity

Increase demand
Decrease capacity

Influence on 
hospital system

 
Fig. 4 Event tree analysis of an earthquake on a hospital system 

 

When resources are smaller than needs, the normal standards of medical care cannot be 
maintained and it is necessary to develop a mass-casualty management approach that, 
incorporating the limitations imposed by the actual circumstances, increases the treatment 
capacity. The organisation implemented must result in an effective transition from normal 
rescue and care procedures, where the most serious cases always receive priority care 
without consideration for the likelihood of survival, to mass-casualty management 
(emergency procedures), which maximises the use of the limited residual resources. This 
need has led to the development of the new discipline of Disaster Medicine, whose purpose 
is the definition of the emergency procedures necessary to improve the effectiveness of 
disaster response (PAHO, 1995). These procedures are peculiarly devoted to problems with 
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large populations of patients, whereas conventional medicine is used to manage scenarios 
with smaller numbers of individual patients. The emergency procedures result from ad-hoc 
studies, based on several scenario-events, carried out for the analysed facility and a given 
type of disaster. The collection of these procedures consists of the so-called emergency 
plan, which should regulate in detail the hospital response.  The paramount importance of 
the emergency procedure for a positive response of a hospital to an hazardous event has 
been commented in a previous part of this document.  

 

A qualitative representation of the time evolution of treatment demand and capacity in the 
aftermath of an earthquake is provided in Fig. 5, where: 

• the needs consist of the number of persons that need medical care (health treatment 
demand); 

• the capacity prior to the occurrence of the event (pre-accident capability) is derived 
by the application of normal-operation standards; 

• the capacity after to the occurrence of the event (hospital treatment capacity) is 
regulated by the emergency procedure standards;  

• the robustness of the hospital system is represented by the parameter a . 
Robustness is primarily a function of the vulnerability of the structural and non-
structural elements (physical component); 

• the rapidity and the effectiveness of the hospital response in moving from the normal-
operational standards to the emergency procedures are represented by parameters 
b  and c , respectively. Rapidity and effectiveness depends on all the three “active” 
components, i.e. physical (the resources available immediately after the occurrence 
of the earthquake), organisational and human.  
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Fig. 5 Emergency medical response to a hazardous event (earthquake) 
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3.2 PERFORMANCE REQUIREMENTS 

The ability to accommodate a sudden incoming flow of patients requiring hospitalisation is 
called “surge capacity”. In the medical literature, this capability is usually measured by the 
Hospital Treatment Capacity (HTC) index, defined as the number of patients with serious 
injuries that the hospital can treat in one hour. The evaluation of the HTC index is affected by 
large uncertainties since it is function of several factors of difficult quantification, ranging 
from the medical conditions of the patients to the amount of resources available.  

Traditional methods to estimate the hospital bed surge capacity in the case of a mass-
casualty accident rely on census data. The most common ones are based on the number of 
beds of the hospital. Starting from the treatment capacity under ordinary conditions, 
evaluated at about 1 to 3 patients for every 100 beds, the HTC under emergency conditions 
is estimated by applying a multiplicative factor, which usually ranges between 1 and 3,as a 
function of the quality of the organisational and the human components.  

These methods are inadequate since they do not consider to any extent the actual 
consequences of the earthquake on both the hospital facilities and the environment, which 
may vary significantly from hospital to hospital. For example, the possible reduction in safety 
and the loss of functionality of portions of the hospital due to material damages is not 
accounted for; on the contrary, additional beds, beyond those freed by the discharge of 
patients, as well as additional areas which can likely be made available in many hospitals 
under emergency conditions to accommodate the large number of incoming patients, are 
accounted for on a statistical basis only. Over all, Davis et al. (2005) pointed out that 
traditional methods underestimate the true surge capacity. 

A more rational approach, as suggested by the De Boer (1995), should be based on “the 
actual number of patients per unit of time that can be admitted and treated according to 
present medical standards”. For the case of injuries requiring surgery, this capacity should 
be dependent on the number of surgeons, anaesthesiologists and nurses available.”  

The role of the human component and of the emergency procedures are explicitly 
acknowledged in the above statement.  The role of the physical component is only implicitly 
considered, making reference to a limitation in the number of treatable patients. This 
influence has to be made explicit in the evaluation of the HTC.  

According to the above considerations, the general expression for the HTC index has the 
following form: 

HTC = f α,β,γ( )  (1) 

whereα , β andγ are factors accounting for the influences on the hospital treatment capacity 
of the organisational, human and physical components, respectively. The expression has to 
be made explicit in order to assess the hospital performance. Noting that the treatment 
capacity coincides with the delivering of the medical services, the taxonomy of the hospital 
system presented in Section 3.1 has been employed as functional model for the scope.  

The analysis of the hospital “internal processes” under emergency conditions, i.e. the care-
path of earthquake victims, has brought to the identifications of the minimum set of medical 
services necessary to treat victims with serious and critical injuries (yellow-code and red-
code patients, respectively, according to the standard triage classification of patients).These 
are:  
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• diagnostics,  

• surgical treatments, 

• intensive care unit.  

In addition to the needs of the incoming patients (earthquake victims), those of the in-
patients (normal functioning of the hospital) have also to be considered. Here a common, 
world-wide accepted standard is not yet defined due to the obvious implications arising from 
the socio-economic context (the environment): what is considered essential in a developed 
country, may be regarded as superfluous in a less-developed one. 

The indications on the relative importance of hospital activities under emergency conditions 
given in U.S. standard PAHO (2000), therefore representative for highly developed 
countries, are reported in table below 

Table 1 Hospital activities and relative importance in an emergency (from PAHO, 2000) 

Hospital activities Importance  Hospital activities Importance 
Trauma and Orthopaedics 5  Haemodialysis 4 
Intensive Care Unit 5  Internal Medicine 3 
Urology 5  Gynaecology – Obstetrics 3 
Emergency Care 5  Administration 3 
Sterilization 5  Neonatology 3 
Diagnostic Imaging 5  Respiratory Medicine 2 
Pharmacy 5  Neurology 2 
Nutrition 5  Ophthalmology 2 
Transport 5  Filing - Case Manage. 2 
Recovery 5  Dermatology 1 
Blood Bank 5  Psychiatry 1 
Outpatient /Admissions 4  Oncology 1 
Paediatric Surgery 4  Otorhinolaryngology 1 
Paediatrics 4  Dental Services 1 
Laboratory 4  Therapy – Rehabilitation 1 
Laundry Services 4    

 

Confronting the PAHO classification with the opinions of European experts in disaster 
medicine, the following minimum set of medical services has been derived for the European 
context: 

• Emergency department; 
• Operating theatres; 
• Intensive care unit; 
• Diagnostics; 
• Blood bank; 
• Haemodialysis; 
• Urology; 
• Neonatology; 
• Gynaecology/Obstetrics; 
• Paediatrics; 
• Laboratory; 
• Pharmacy. 

The above list defines the so-called “essential medical services” which are necessary to 
provide an adequate medical care in an emergency condition, both to the earthquake 
seriously/critically injured victims and to the in-patients of the hospital. The associated 
performance requirement is, in engineering jargon, the operational limit-state. 
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Among the essential medical services, the surgical treatment and intensive care unit are by 
far the “bottleneck” of the care delivery of the hospital. In fact, a multiple trauma victim 
needs, as a minimum, two hours (120 minutes) of surgical attention, while the time for 
diagnostics is much shorter: about 6 minutes for X-ray and ultrasonographic examinations 
and about 12 minutes for a computerised axial tomography test.  

It can be concluded that the number of functioning operating theatres is the critical factor to 
the health-care delivering. Hence, it is taken as the basis of a quantitative measure of the 
hospital treatment capacity (HTC) under emergency condition. 

For all other medical services (i.e. those not included in the above list), which are referred to 
as basic medical services, it is sufficient to guarantee against the life threat. The associated 
performance level is the life-safety limit state. 

3.3 SYSTEM FAILURE IDENTIFICATION 

The identification of all the events which cause an interruption in delivering of the medical 
services, the so-called “failure modes”, is a challenging task. It may happen for the lack of 
medical personnel or for the collapse of a column. The former represents a case of failure 
originated by the human component; the latter by the physical component. Clearly, they are 
different by nature.  

Furthermore, the physical component of large hospital facilities is made of several thousand 
of elements (structural elements, equipment, furniture, piping, electrical stations, water 
reservoir, etc. etc.), and the accepted performance for each element depends on its 
functional role in the system. If an element contributes to the delivering of an essential 
medical service (e.g. a column located in an operating theatre room), an operational limit-
state is the required performance; if it contributes to a basic medical service (e.g. a column 
in a lavatory), the compliance with a life-safety limit-state would be sufficient.  

An event-tree approach has been followed to make the identification of possible failure 
modes. Two basic questions have to be answered (top events): 

1. “When the essential medical services are not operational any more?” 

2. “When the basic medical services cannot be operated under the safeguard of human 
life?” 

At the highest level of generality, the following causes concur to the occurrence of the event 
in question 1:  

a) damages to the facilities which either make not-reachable/not safe the rooms or 
compromise the functioning of equipment such as water system, power system, 
medical gas, supply systems etc.;  

b) lack of specialised and trained medical and staff personnel;  

c) lack of medical supplies and/or adequate procedures to cope with the emergency 
condition (which differs significantly from normal standards). 

Item a) is essentially related to the behaviour of the physical component of the system. 
Engineering-based approaches are today available to analytically assess the response of 
the physical component, with the associated uncertainties dealt within a probabilistic 
framework. 
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Items b) and c) depend on both the human and organizational components; the evaluation of 
their effects on the HTC index is not straightforward and the development of analytically-
based models is not yet accomplished. Their influence can be globally quantified on the 
basis of basic information that has to be collected and evaluated (ideally with the aid and 
supervision of the medical personnel).  

The occurrence of any of the above negative events causes the failure of the system. In the 
Fault Tree Analysis (FTA) terminology, this defines a series system, which is represented in 
the figure below.  

Hospital system

Human OrganisationalPhysical  
Fig. 6 Fault-tree representation of the hospital system taxonomy 

 

This scheme shows the equal importance of all the system components to the functioning of 
the hospital, a circumstance not well understood by structural engineers, whose main 
concerns are most often limited to the structural behaviour, as well as by disaster medicine 
experts, whose main concerns are typically limited to the health care procedures. 

For what concerns the basic medical services (question n.2), the safeguard of human lives is 
essentially guaranteed as long as the structural (resistant) elements of the hospital buildings 
are able to carry the gravity loads after the earthquake event. This condition is identified by 
the life-safety (or structural integrity) limit state. Therefore, this event is governed by the 
physical component of the system, more precisely by the structural elements sub-set of it as 
explained in the following paragraph. The other two components do not play a relevant role.  

The selection of limit states according to the relative importance of medical services is 
graphically represented in the illustration below.  
 

Medical services

Essential
Medical services

Required 
performace level:

Operational
Required 

performace level:
Structural integrity

 
Fig. 7 Performance levels for different medical services 
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4 Hospital system performance measure 

4.1 HOSPITAL TREATMENT CAPACITY 

The functional analysis of a hospital system in the case of an earthquake event yields the 
following major conclusions:  

(1) The global performance of the hospital can be quantitatively measured in terms of 
hospital treatment capacity (HTC), and in particular by the number of functioning 
operating theatres, which represent the bottleneck of the health-care system after a 
mass-casualty event that produces trauma victims; 

(2) The influence of the organizational and human components on the HTC can be 
estimated only empirically on the basis of experts judgement. 

(3) On the contrary, an analytical relationship between the damage state of the physical 
component and the HTC can be derived and numerically evaluated by means of 
engineering-based methods;  

(4) The performance requirements for the health-care system after an hazardous event 
are conventionally set as follows: a) the essential medical services have to remain 
operative; b) the safeguard of human life has to be guaranteed for the basic medical 
services. Condition a) depends on the response of both structural and non structural 
elements of the building portion where essential medical services are housed; 
Condition b) depends on the response of structural element only.  

 

On the basis of the above considerations, the generic expression for the HTC index given in 
eq.1 can be re-written as: 

mt
HTC 21 γγ

βα
⋅

⋅⋅= , (2) 

where: 

• α accounts for the efficiency of the emergency plan (organizational component); 

• β accounts for the quality, training and preparation of the operators (human 
component), 

• 1γ is the number of operating theatres which remain operative after the hazardous 
event,  

• 2γ is a Boolean function equal to 1 if the system survives and to 0 otherwise,  

• mt is the mean duration of a surgical operation (measured in hours).  

 

The evaluation of the HTC is described in detail in the companion deliverable D.3.10. The 
application of a probabilistic approach is an almost inevitable choice due to the large 
uncertainties characterising most of the quantities that contribute to the system response 
(Pinto et al., 2004). At the moment, however, the application of a probabilistic approach is 
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limited to the physical component of the system, while α , β , and mt  are evaluated 
deterministically according to engineering judgment.  

The evaluation of the emergency plan results in assigning a value to the α-factor; typical 
value may range from 0.5, for very poor emergency plan, up to 1 for an excellent and 
complete one. If the emergency plan has not been developed, the factor α has to be taken 
equal to nil: the hospital would be inadequate for successfully coping with a seismic 
emergency, regardless the result yields by the analytical investigation of the physical 
component.   

Typical value for the β-factor may range from 0.5, for poorly trained and understaffed 
operators, up to 1 for well-trained and adequately-staffed ones. 

 

The numerical analysis of the physical component is carried out employing a 
probabilistically-based methodology described in detail in D.3.10. This procedure results in 
the vulnerability curves of the number of functioning operating theatres, 1γ , and of the 
system-survival Boolean function, 2γ . The “survival condition” of the physical component is 
expressed as function of the performance of the medical services, making a distinction 
between the essential medical services and basic medical services: the operational 
performance level is required for the former, a life-safety performance level for the latter. The 
fault-tree technique is employed for the determination of the state of the physical system as 
function of the state of its elements. A generic fault-tree based on the distinction between 
essential and basic medical services is illustrated in Fig. 8. Since the fault-tree is hospital 
dependent, it has to be customized on a case-by-case basis. 
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Fig. 8 Generic Fault-Tree for the physical component 
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4.2 HOSPITAL TREATMENT DEMAND 

The treatment demand consists of the number of in-coming patients. This largely depends 
on the area exposed to the earthquake, e.g.: type of constructions, population density, 
population age, time of the day, number of medical facilities, infrastructural response, etc. A 
general expression for the Hospital Treatment Demand, HTD, should be of the following 
form: 

( )δfHTD =  (3) 

whereδ accounts for the environment component. 

The HTD is related to the number of casualties and to the epidemiology of the event. 
Epidemiology is the study of patterns of disease and injury in human populations and the 
application of this study to the control of health problems. The causes of major earthquake-
related injuries identified by epidemiologic investigations are: blast effects, falling masonry, 
flying glass and debris, and fire. Further, fractures may also result from falls on unstable or 
slippery footing. Minor trauma generally consists of abrasions, lacerations, and puncture 
wounds from nails and other sharp objects. The epidemiology of the injuries provides 
fundamental information for estimating the type and the amount of the resources needed to 
treat casualties. The distribution of patient’s condition can be derived from the triage 
classification, where a code is assigned to patients according the severity of their condition. 
The medical severity of an event as a function of the patients’ conditions is commonly 
assessed by means of two severity indexes: 

• 1S , which represents the medical severity of the event; 

• 2S , which is a measure of the severity of the injuries caused by the event. 

For the same number of casualties, the larger is the value of 2S ,the greater is the amount of 
medical resources that are needed to treat the victims. Examples of the indexes values 
derived for real-cases casualty distributions are given in the table below. 

 

Table 2 Medical severity index for example cases 

 S1 S2 

HAZUS (non-collapsed buildings) 0.001 0.194 
HAZUS (collapsed buildings) 0.154 0.625 
Armenian earthquake (1988) 0.575 - 
Kobe earthquake (1995) 0.149 0.261 

 

In general, according to data from past earthquakes, the value of 1S is comprised between 
0.1 and 0.5, while that of 2S between 0.15 and 0.6. 

The number of in-coming patients can be estimated by the so-called “casualty models”. The 
one model proposed by Coburn and Spence (1992) and simplified by Nuti and Vanzi (1998) 
is adopted since the model parameters have been calibrated for victims due to earthquake 
disaster. The model developed within Syner-G, illustrated in Deliverable D4.7, can be used 
alternatively. The number of casualties is expressed as a percentage of the population 
through the following relationship: 
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NCas IM( ) =C IM( ) εCas Npop   (4) 

where C IM( )  is the percentage of the population as function of the earthquake intensity, 

popN  is the population in the area affected, Casε  is the model error term. In particular:  

C IM( ) = k IM − IMmin( )4 , (5) 

where IM  is the intensity measure of the seismic event, k  and minI  are the model 
parameters which take into account both the vulnerability of the building stock and the 
occupancy rate.  These parameters have to be calibrated asa function of the specific 
environment conditions: according to the model, given an earthquake scenario, the extent of 
building damage in the affected area is estimated by means of appropriate vulnerability 
functions. The model error term Casε  is introduced to account for the dispersion of the model 
and can be assumed log-normally distributed with unit median and coefficient of variation 
equal to 0.3.  

Considering the performance measure employed for the capacity of the hospital system, the 
HTC, the corresponding HTD  is the estimate of the number of people that requires surgical 
attention. Its expression is assumed equal to: 

21 TTNHTD +⋅= ζ , (6) 

where 21 TTN +  is the number of the serious injured patients (red-code and yellow-code 
according to the triage classification) and ζ  is a factor accounting for the proportion of 
patients with serious injuries that requires surgical attention, which may vary between 31  
and 21  according to experience. The value of 21 TTN +  can be derived combining the 
expression of the casualty model, Ncas, with those of the severity indices 1S  and 2S .  

The final expression suggested for HTDis the following: 

HTD =ζ S2 NCas( ) S1 +S1S2 +S2( ) . (7) 

An example of the HTD curve is given inFig. 9 (where T3 is the number of patients who 
needs minimal care (green tag) andT4 are the numbers of deaths (blue and black tag)). 
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Fig. 9 Number of earthquake casualties subdivided by triage-codes 
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Appendix A: taxonomy of Hospital System 

System 2, Health-care facilities, HCS 
Type Critical facility, Point-like 
Notes Hospitals represent a particular example of a category of systems that are called 

“complex-social” systems. From an engineering point of view hospitals are systems 
made of many components of different nature which jointly contribute in delivering the 

medical services. These latter represent the system output. From a social point of view, 
hospitals provide a fundamental assistance to citizens in every-day life; their function 

becomes of paramount importance in the case of an earthquake event. 
The medical services, which consist of standardized procedures  to guarantee an 

adequate treatment of patients, are delivered to patients by a joint contribution of the 
three “active” components of the system:  

The operators, which are the doctors, nurses and in general whoever plays an active 
role in providing medical care;  

The facility (physical component) where the medical services are delivered; 
The organisation, which is responsible of setting up the adequate conditions so that the 

medical services can be delivered. In general, this is up to the hospital management 
through the development, the implementation and the supervision of the standardized 

procedures. 
 

The environment includes all external influences to the functioning of a hospital system, 
which encompasses such diverse factors as cultural background and soil properties. 

 
A performance measure for such system should account for the contributions of all 

these components to the system services, i.e. 
 

where α, β and γ are (random) factors accounting for the human, organizational and 
physical components, respectively. As state-of-art, an analytical formulation of the above 

relationship and of factors appearing in it is available only for γ (physical component).  
 

Under emergency conditions, the care-path of the victims at the hospital starts with 
triage and continues with the proper medical operation according to a triage-code 

assigned to each patient. The understanding of the care-path of earthquake victims 
allows the identifications of the resources needed for providing health-care under 

emergency conditions. In particular, the minimum set of medical services necessary to 
treat victims with serious and critical injuries (yellow and red patients, respectively) 
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results in: diagnostics, surgical treatments and intensive care unit. In addition to the 
needs of the incoming patients (earthquake victims), those of the in-patients (normal 

functioning of the hospital) have also to be considered. A list of the “essential” medical 
services which are necessary to provide an adequate medical care in an emergency 

condition, both to the earthquake seriously/critically injured victims and to the in-patients 
of the hospital, is provided in [Lupoi et al., 2008]. The associated performance 

requirement is, in the engineering jargon, the “operational” limit-state. 
Among the essential medical services, the surgical treatment and intensive care unit are 
by far the “bottleneck” of the care delivery of the hospital. In conclusion, the number of 
functioning operating theatres is the critical factor to the health-care delivering. Hence, 
this is taken as the basis of a quantitative measure of the hospital treatment capacity 

(HTC) under emergency condition.  
For all other medical services (i.e. those not included in the above mentioned list), which 

are referred to as “basic” medical services, it is sufficient to guarantee against the life 
threat. The associated performance level is the “life-safety” limit state. 

 
Code Name Description 

HCS01 Organisational Component The role of the organizational 
component consists of developing, 
implementing and supervising all 

the activities and procedures which 
have to be immediately activated 
after a seismic event in order to 

prevent as much as possible and to 
promptly recover from the negative 

impact of the earthquake on the 
hospital performance. In simple 

words, this essentially means to set 
up a sound “emergency plan”.  
It is worth to emphasise that 

planning the emergency is the real 
tool to face the unbalance between 
resources and needs that develops 

in the case of an earthquake. 
Experience tells that a hospital 

facility which is not provided of an 
emergency plan will not be able to 

cope with the emergency 
HCS02 Human Component To positively evaluate the response 

capability of the system, it has also 
to be checked that simulation of 
emergency procedure involving 

both medical doctors and staff have 
been actually carried out 
periodically.  The human 

component has to be appropriately 
trained to perform in a state of 

emergency, when the operating 
conditions are physically and 

mentally much more demanding 
with respect to normal standard. 

The capability of the human 
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resources can be assessed only 
empirically, usually by means of 

questionnaires distributed to 
medical personnel and staff.  

HSC03 Physical Component 
 
 
 

 

The severe target performance set 
for complex systems or part of 
them, i.e. to remain operational 
after a (major) seismic event, 

requires adequate consideration not 
only to the “structural” elements of 
the physical component but also of 
the “non-structural” elements, which 

are fundamental to preserve the 
hospital functionality. 

Typical classification subdivides the 
non-structural elements into three 
categories: architectural elements, 

basic installations and 
equipment/contents. 

The operational performance level 
is related to the response of both 

structural and non-structural 
elements, ranging from architectural 
to medical equipment, basic power 
and water supplies. The structural 

integrity performance level is 
essentially related to the behaviour 

of the structural elements only. 
HSC03-

1 
Structural Elements 

 

 

For structural elements local 
response parameters can be either 

force-quantities, to evaluate the 
state of the element with respect to 

the activation of force-controlled 
failure mechanisms, such as shear 
failure (force mechanisms), or the 

displacement/deformation quantities 
such as inter-storey drift ratios or 
chord-rotations, to evaluate the 

element damage state with respect 
to displacement-related 

mechanisms (deformation 
mechanisms) 

HSC03-
2 

Non-Structural Elements 
 
 
 

For a non-structural element, the 
selection of the local response 

parameter depends on which of the 
earthquake effects governs its 

repose. The following major effects 
are identified:  

• local acceleration, which may 
cause the element sliding or 

overturning; 
• structural deformation; 
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• relative movements between 
adjacent or connected structures. 

Accordingly, non-structural 
elements are usually classified as: 
acceleration-sensitive, deformation 

(drift)-sensitive or differential 
displacement sensitive. 

In general, a restrained non-
structural element is drift sensitive, 
while a free non-structural element 

is acceleration sensitive.  The 
differential displacement sensitive 

elements are those which provide a 
continuous link across a separation 

joint or between two different 
structures.  

HSC03-
3 

Architectural elements 
 

 

The architectural elementsare 
“typically built-in non-structural 

components that form part of the 
building”. Those that have 

jeopardised the functionality of 
several hospitals in past 

earthquakes are: (a) interior and 
exterior walls, (b) ceilings, (c) 
windows, glasses and doors. 

HSC03-
4 

Basic Installations 
 

 

The most disruptive kind of non-
structural damage is breakage of 

water lines inside buildings, 
including fire sprinklers, domestic 
water, and chilled-water systems. 

Leaked water can travel quickly and 
extensively throughout a building. 
Second in significance is failure of 
emergency power systems. The 

power outage is usually so 
extensive that reliable backup 

power is necessary for essential 
facilities to operate. Others 

frequently damaged installations, 
which are essential for the 

functioning of hospitals, are the 
conveying and the medical gas 

systems. 
Each of such systems can be 

subdivided in two main 
components: 

Generation: in an emergency 
situation, all the essential systems 
have to be complemented with an 

internal source. Examples of 
internal sources are electrical 

generator, water tank, gas tank. 
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Their typical mode of failure is the 
damage of anchorages 

Distribution: pipes for water, for 
wastewater, for fuel, for gas, and 
electrical conduits (lines) that run 

underground or above grade, inside 
and outside the building. Damage to 

above ground transmission lines 
typically occurs along unsupported 
line sections when lines crack, leak, 

or fail. Damage to underground 
transmission lines usually occurs in 
areas of soil failure where the line 
sections cannot accommodate soil 

movements or differential 
settlements. Damage can also 

occur when other equipment shifts 
or falls onto the line, or if a piece of 
equipment the line is connected to 

suffers damage. Lines that run 
across a seismic joint without an 

expansion joint may suffer damage 
to their connections or get torn 

apart.  
HSC03-

5 
Basic Installation: medical gas 

 

 

The medical gas system of the 
hospital consists of the tank and 
cylinders of the medical gases 

(oxygen, nitrogen, etc.), the 
distribution lines (pipes) and several 

other pieces of equipment 
necessary to the normal functioning 

such as, for example, electric 
pumps. 

HSC03-
6 

Basic Installation: power system The power system of a building is 
usually composed of: 

• MV-LV (Medium Voltage - Low 
Voltage) transformation station; 
• Uninterruptible Power System 

(UPS); 
• Emergency Power Generator 

(EPG); 
• Transmission lines; 
• Distribution stations. 

 
The UPS system is composed of 
battery-chargers, inverters, and 

batteries. By far the most vulnerable 
component is the battery system.  

The transmission lines of the power 
network can be generally 

considered not vulnerable, while the 
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failure of the distribution stations, 
including the general switchboard 
panel, could represent cause of 
system failure since they are not 

properly anchored. 
HSC03-

7 
Basic Installation: water  System 

 

 
 

The water system of a hospital 
consists of the supplies, the 

distribution network (piping) and 
several equipment such as pumps 
and boilers. The emergency water 

supply consists of buried tanks able 
to guarantee autonomy for seven 
days, well beyond the three-days 

minimum prescribed by the national 
regulations. The equipmenthave to 

be well anchored and the piping 
have to be provided with flexible 

couplings. 

HSC03-
8 

Basic Installation: conveying system 
 

 

Damage at the elevator systems 
typically occurs to mechanical 

components rather than the car 
itself. Guide rails, counterweights, 

controllers, machines, motor 
generators, stabilisers, and their 
supports and anchorages are the 

most damaged components during 
earthquakes 

HSC03-
9 

Building Contents In a hospital, building content 
includes furnishings, medical, office 
and industrial equipment, general 

supplies, shelves, etc.. Most of 
these equipment and supplies are 
essential for the functioning of the 

facility and for protecting the lives of 
its occupants, and yet they can 

represent a danger in case of an 
earthquake. 

Given the essential importance of 
building content for the effective 

functioning of the hospital system, 
all items susceptible to moving have 

to be properly anchored. 
 


