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Abstract.

Modern cities are complex organisms, very difficult to control and represent through com-
prehensive models. Their safety and their resilience cannot be tackled without a full compre-
hension of their systems, networks and infrastructures. Health care systems are one of the
most crucial assets of complex communities. The network of Hospitals, indeed, is assumed to
be effective and supportive in case of emergency, such as at the occurrence of strong earth-
quakes. In this work the reliability of a Hospital network is verified. The analysis is aimed at
evaluating the relative efficiency of each Hospital Complex inside the network, taking into
account its size, performance and accessibility. Interdependencies between the Hospitals and
the transportation networks has been taken in account in the analysis. The research has been
applied on a case-study, i.e. a real network of Hospital buildings, including 41 complexes.
The effectiveness of each complex has been measured using a reduced number of meaningful
parameters appositely selected. A further evaluation, concerning a simplified rating of the
seismic vulnerability of the Hospital buildings have been made for all considered cases. Fur-
thermore, the capacity of each Hospital complex has been evaluated in terms of extension of
the reference area and amount of the covered population. Finally, the accessibility to each
complex has been checked, by analyzing the mutual connectivity of the entire network using
graph theory, which has been applied by considering the effective position of each Hospital
complex inside the area, and the real connection infrastructure. As a result of the study, an
effective description of the examined network has been achieved, and a simplified rating of
each Hospital complex has been found.
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1 INTRODUCTION

The health care networks are one of the critical infrastructures in communities [1]. At the
occurring of emergencies, indeed, the Hospital buildings are expected to provide the first res-
cues, becoming the core of the post-emergency organization [3-5]. This work is aimed at pro-
posing a synthetic method to evaluate the reliability of the Health network in case of seismic
emergency, by including the transportation network.

The study refers to a real Health network, located in Italy, consisting of a total volume of
5128000 m’, and organized in 3 regional companies, 12 district organizations and 533 struc-
tural units.

In the past years the considered Hospital network of Tuscany has been the object of joint-
ed agreement between the Regional Government and three Tuscan Universities, which ac-
complished a wide survey, aimed at evaluating the seismic vulnerability of the Hospital
buildings. As a results of such research, a qualitative vulnerability mapping of a large per-
centage of the Hospital building population has been made [6], by following a qualitative ap-
proach based of the 2nd Level GNDT forms [7].

In this work the Hospital buildings population of the Tuscan Health system is assumed as
case-study to set a simplified method for network risk evaluation and Resilience analysis [1].
The Hospital Complex have been ordered after their administrative organization. The Hospital
buildings have been classified after three different criteria, i.e. the strategic role, found ac-
cording to the criteria adopted by the Tuscan Health Organization [8], the seismic vulnerabil-
ity, which has been arranged on the basis of the information provided by De Stefano et al. [6],
and the seismic hazard, i.e. the site PGA, as provided by the Italian hazard classification
[9,10]. Each of these classifications comprehends three classes, indicating, respectively, good,
moderate and low performance level.

The classification of the Hospital population has been combined to the analysis of the
transportation network to achieve a more comprehensive evaluation of the adequacy of the
Health system to face the seismic emergency. The checked road accesses have been classified
after their length, capability (highways vs local roads) and redundancy, in order to evaluate
the reliability of each Hospital Complex as potential emergency headquarter. Even if the reli-
ability of the Hospital complexes has been evaluated with special attention to the seismic risk,
the criteria adopted for the selection of buildings as emergency center intends to be general
and adoptable for all emergency situation. To this purpose the research, still in progress, needs
to be integrated with additional information.

2 THE HOSPITAL NETWORK OF TUSCANY

2.1 The administrative organization

The Tuscan administration is articulated in 10 provinces. The health system follows such
organization; indeed, there are 10 provincial companies, with the addition of three further
ones, introduced to better cover the needs of specific areas, for a total number of 12 compa-
nies. They are organized in three main districts, which have as much main headquarters [8],
consisting of University Hospital Companies. To this organizational scenario, briefly de-
scribed in Table 1, a further Hospital must be added, which offer pediatric care for the entire
Region. Each provincial company is made of some Hospital complexes, distributed in the area,
having different dimension and number of offered care services. In Table 1 each Hospital
complex has been named after Regional (R) and Provincial (P) organization.
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Table 1. Administrative organization of the Tuscan Health System.

Regional Companies Provincial Companies Hospital Complexes
R1 _P1 H1.1.1, H1.1.2, H1.1.3, H1.1.4, H1.1.5, H1.1.6, H1.1.7
R1 R1 P2 H1.2.1,H1.2.2,H1.2.3
R1 P3 H1.3.1,H1.3.2,
R1 P4 H1.4.1,H1.4.2,H1.4.3,H1.4.4
R2 P5 H2.5.1, H2.5.2, H2.5.3, H2.5.4
R2 P6 H2.6.1, H2.6.2, H2.6.3
R2 R2 P7 H2.7.1, H2.7.2, H2.7.3
R2 P8 H2.8.1, H2.8.2, H2.8.3, H2.8.4
R2 P9 H2.9.1
R3 P10 H3.10.1, H3.10.2, H3.10.3, H3.10.4
R3 R3 P11 H3.11.1, H3.11.2, H3.11.3, H3.11.4, H3.11.5
R3 P12 H3.12.1, H3.12.2, H3.12.3, H3.12.4, H3.12.5

2.2 The performed classifications

Each provincial company is made of some Hospital complexes, distributed in the area,
having different dimension and offered care services. Therefore, they are classified by the Re-
gional Health Service after their strategic role, defined as a function of the number of covered
inhabitants, available beds and offered services. In Figure 1 the strategic classification (SC) of
all Hospital buildings has been represented, while in the Tables 2 and 3 the criteria adopted
for the classification and the obtained results have been listed.

Regional Company #1

v Head Quarter
@ Area Hospital
e Local Hospital

Regional Company #2

* Head Quarter
@ Areca Hospital
e [ocal Hospital

Regional Company #3

* Head Quarter
@ Arca Hospital
e Local Hospital

Figure 1. Strategic classification (SC) of the Hospital complexes.

The evaluation of the seismic vulnerability of the Hospital Complexes has been made on
the basis of the results obtained through by the joint research program between three Depart-
ments of the University of Florence and the Regional Government of Tuscany [6]. The re-
search was developed through the 2nd Level GNDT forms [7], which provide an evaluation of
the buildings vulnerability in the basis of qualitative judgements made on 11 parameters.

The parameters concern: type and organization of the seismic resistant system, quality of
the resistant system, conventional resistance, building location and type of foundation, storey,
configuration in plan, configuration in elevation, maximum distance between the masonry
walls (connections and critical elements for RC buildings), coverage (elements with low duc-
tility for RC buildings), non-structural elements, state of maintenance. The forms, shown in
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Figure2, are opportunely modulated for RC, steel and masonry buildings, in order to provide
comparable values of grades for different types of buildings.

Form for RC buildings Form for masonry buildings
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Figure 2. GNDT forms for evaluating the vulnerability index of RC and masonry buildings.

Each parameter is measured through qualitative grades, ranging between A (good perfor-
mance) and D (bad performance), according to the detailed GNDT instructions [11,12]. The
final grade of the building is opportunely modified through corrective factors, introduced to
calibrate the importance of the considered issues. As a results, a numerical evaluation of the
vulnerability index (/,) of the building is achieved, expressed in one hundreds. Such grade has
to be assumed as a qualitative evaluation, which cannot represent a scientific judge on seismic
performance of each Hospital building. A more accurate evaluation of the seismic vulnerabil-
ity of the Hospital buildings, anyway, would have required extensive and complex analyses
[13-15] which are beyond the scope of this study.

In the following a simplified vulnerability classification has been adopted, consisting of a
three-scores rating system. Furthermore, the /, found in [6] have been integrated though addi-
tional information regarding the Hospital Complexes which were not included in the former
research activity, of which have been renovated in the last years. Table 3 shows the assumed
correspondence between [, and the adopted Vulnerability Classes (VC), while in Table 4 the
vulnerability rating of the Hospital Complexes is presented.

The Hazard classification of the Hospital Complex has been made on the basis of the Na-
tional Hazard map, as provided by the National Technical Code [9]. The seismic hazard of the
Region is moderate, with a PGA ranging between 0.05g and 0.29g. Even the seismic hazard
has been represented through a qualitative approach, with three classes defined after the PGA
ranges listed in Table 3. The obtained Hazard Classification (HC) has been shown in Table 4.
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Table 3. Assumed criteria for the Hospital Complexes classification

Strategic Classification (SC) Vulnerability Classification (VC)  Hazard Classification (HC)
Inhabitants e VI range

SC  Relevance Beds (thousand) VC  Vulnerability (1/100) HC Hazard PGA range

A District > 100 > 150 A Low 0- 30 A Low <0.15¢g

B Area > 100 70-150 B Moderate 30- 60 B Moderate 0.15g - 0.25¢g

C Local <100 <70 C High 60-100 C High >0.25¢g

Table 4. Rating provided by the performed classification.

Regional Company #1 Regional Company #2 Regional Company #3

CODE SC VC HC CODE SC VC HC CODE SC VC HC
Hl1.1.1 A B B H2.5.1 A A B H3.10.1 A A B
H1.1.2 C B B H2.5.2 A A B H3.10.2 C B B
H1.1.3 A B B H2.5.3 B B B H3.10.3 B A B
H1.14 A C B H2.54 C A B H3.10.4 B B B
H1.1.5 A B B H2.6.1 A A B H3.11.1 A B B
H1.1.6 B C B H2.6.2 C A C H3.11.2 A A B
H1.1.7 C B B H2.6.3 C A C H3.11.3 C A B
H1.2.1 A A B H2.7.1 A A B H3.11.4 C B C
H1.2.2 B B B H2.7.2 C B C H3.11.5 C A B
H1.2.3 C B C H2.7.3 C B C H3.12.1 A B A
H1.3.1 C B B H2.8.1 A B B H3.12.2 B A A
H1.3.2 A A B H2.8.2 C A A H3.12.3 B C B
H1.4.1 A A B H2.8.3 C A A H3.12.4 C B B
H1.4.2 C B B H2.8.4 C B A H3.12.5 C B B
H1.4.3 C B B H2.9.1 B A B

H1.4.4 C B B

3 TRANSPORTATION SYSTEM REFERRED TO THE CARE-NETWORK

The transportation network has been checked by evaluating the amount and the reliability
of the connections between each Hospital complex and the corresponding area and Head
Quarter Hospitals The quality of the connection has been checked in terms of i) distance ii)
flow capacity and reliability and iii) redundancy. In Figure 3 the investigated connections
have been shown, together with the main criteria assumed in the classification. The distances
found for the interconnections among the considered Hospital Complexes have been taken
after the https://www.google.it/maps/dir/ indications.

Distance classification (DC):

A-class: distance below 30 km
B-class: distance ranging between 30 km and 100 km
C-class: distance over 100 km

Flow classification (FC):

A-class: almost highway only
B-class: highway combined to local transportation
C-class: prevalence of local transportation

Redundancy classification (RC):

A-class: two or more alternative ways for the entire itinerary
B-class: alternative ways for part of the itinerary
C-class: no alternative ways

Figure 3. Transportation system of the Tuscan Health network.
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In this classification, if there is more than one complex in the same town, their mutual
distance has not been read, and the distance to the other Complex are taken form the main
complex. In the schemes shown in Figures 4-6, three different circles have been represented,
according to the assumed administrative representation of the Hospital Complex. The distanc-
es have been checked between each Hospital Complex and the corresponding Area Complex-
es and the Regional Head Quarter, respectively. Furthermore, the Area Complexes have been
connected each other and to the corresponding Head Quarters. The Region taken as case-
study for the analysis (Tuscany) has not a vast area; the surface covered by each of the three
Regional Companies, therefore, is quite limited. The maximum distances between each Hos-
pital Complex and the corresponding Head Quarter is equal to 65 km, 144 km and 146 km for
the three Regional Districts respectively. The assumed classification, therefore, relates the
class A to mutual distances below 30 km, the class B to distances between 30 km and 100 km
and the class C to distances over 100 km.

Distance Flow Redundancy

Figure 4. Health Company #1: classification of the connection network.

Distance Flow Redundancy

Figure 5. Health Company #2: classification of the connection network.
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The flow capacity has been assumed to be a relevant parameter to check the accessibility
of the Hospital complexes. Indeed, at the occurring of flow peaks, the dimension and the qual-
ity of the access reads largely affects the real accessibility of the emergency centers. In this
work three classes of capacity-classes have been considered, depending on the type of the
itinerary, as explained in Figure 3. The flow capacity has been evaluated by distinguishing the
“high flow” (class A) itineraries from the local ones (class C). The “high flow” itineraries in-
clude both highways and roads with at least two lines for each direction of travel. In this anal-
ysis the class B refers to itineraries made only partially by high-flow streets.

Another important evaluation concerns the possibility to achieve an Hospital complex
through alternative ways. The redundancy, indeed, is one of the crucial issues for resilient sys-
tems. In case of occurrence of landslides, floods or other collapses, the transportation system
could fail, preventing the accessibility of the Hospitals. Even in this case, three different re-
dundancy classes have been considered, as indicated in Figure 3. The class “A” indicates the
possibility to completely replace the main connection without substantial differences in terms
of travel time. The class “B” comprehends connections partially replaceable; in this case if the
interruption would occur in one of the not replaceable tracts, the ordinary travel time could
substantially increase. The class “C”, finally, indicates itinerary not easily replaceable in their
entire length. The obtained Redundancy classification obtained for the three considered
Health Companies is shown in Figures 4-6.

Distance Flow Redundancy

Figure 6. Health Company #3: classification of the connection network.

4 COMBINED ANALYSIS OF THE HEALTH AND THE TRANSPORTATION
NETWORKS

The analyses made on the Health network and on the transportation one have been com-
bined, in order to have a comprehensive lecture of the reliability of each Hospital complex.
The combined lecture, still in progress, can provide useful information regarding the possible
choice of emergency locations, or the hierarchy to follow in the network upgrading.

In Figure 7 the layout of the analysis has been shown. Depending on the applicative pur-
pose of the analysis, further classes of information could be added, regarding the availability
of suitable spaces for temporary camp or medical equipment support, or the adequacy of the
logistic network. Some of these information could be collected by adopting the forms ar-
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ranged by Protezione Civile (http://www.serviziemergenzaintegrati.org/) for the COM build-
ings.

As regards the connection network, the reliability of the main access roads should be
checked in detail, in order to pinpoint the possible weaknesses and vulnerabilities.

STRATEGIC N
CLASSIFICATION
= 2
& S| VULNERABILITY — SELECTION OF POSSIBLE
[ EE—
= E CLASSIFICATION — EMERGENCY CORES
=
=
=z
HAZARD
CLASSIFICATION CHECK OF THE
CHOICE OF THE ADEQUACY OF THE
E—
EMERGENCY CORE REQUIRED
PERFORMANCE
> DISTANCE
S CLASSIFICATION
E
S
& © FLOW —3 SELECTION OF POSSIBLE
e E CLASSIFICATION —> EMERGENCY LOCATIONS
X
~ REDUNDANCY
= CLASSIFICATION

Figure 7. Layout of the network analysis.

S CONCLUDING REMARKS

In this work, still in progress, a simplified approach to evaluate the reliability of a com-
plex Health network is proposed and applied to a case-study, the Tuscan Health network in
Italy. The method of analysis consists of a systemic, simplified and qualitative classification
of the considered network after a number of meaningful parameters. Namely, the Hospital
complexes of the Health network have been classified after their strategic role, seismic vul-
nerability and seismic hazard. The transportation network, in turn, has been classified by con-
sidering the possible connections between each Hospital complex and the most strategic ones
belonging to the same district. The classification included the distance, the flow quality and
the redundancy, i.e. the availability of alternative connections.

The combination of the two analysis provided a simplified but comprehensive representa-
tion of the reliability of the considered Health system, with regards to the seismic risk.

Further analysis should be developed to include in the evaluation additional information,
regarding the logistic network of the Hospital complexes, the possibility to set temporary
camps in their vicinity, or the presence of specific fragility factors in the transportation net-
work.

REFERENCES

[1] Cimellaro, G.P., Duenas-Osorio, L. and Reinhorn, A.M. (2016). Special Issue on Resili-
ence-Based Analysis and Design of Structures and Infrastructure Systems. Journal of
Structural Engineering, 142(8).

2023



Stefania Viti, Marco Tanganelli, Maria Pianigiani and Gian Paolo Cimellaro

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]
[15]

Cimellaro, G.P., Renschler, C., Reinhorn, A.M. and Arendt, L. (2016). PEOPLES: a
framework for evaluating resilience. Journal of Structural Engineering, ASCE, 142(10),
DOLI: 10.1061/(ASCE)ST.1943-541X.0001514.

Cimellaro, G.P., Malavisi, M. and Mahin, S. (2016). Using Discrete Event Simulation
Models to Evaluate Resilience of an Emergency Department. Journal of Earthquake
Engineering, 1-24.

Cimellaro G.P., Reinhorn A.M. and Bruneau M. (2010). Seismic resilience of a hospital
system. Structure and Infrastructure Engineering, 6(1-2), 127-144.

Viti, S., Cimellaro, G.P. & Reinhorn, A.M. (2006). Retrofit of hospital through strength
reduction and enhanced damping. Smart Structures and Systems, 2(4), pp.339-335.

De Stefano, M., D’ Ambrisi, A., Tanganelli, M., La Brusco, A., Vignoli, A., Borghini,
A., Del Monte E., Ortolani, B., Sassu, M., Andreini, M., De Falco, A. (2012). Seismic
risk analysis of public hospitals. Proc. XV World Conference on Earthquake Engineer-
ing, Lisboa 2012.

GNDT (1993). Seismic Risk of public buildings — Part 1 — Methodology Aspects (in
Italian). CNR, Rome, Italy.

Legge Regionale 28 Dicembre 2015, n. 84. Riordino dell'assetto istituzionale e organiz-
zativo del sistema sanitario regionale. Modifiche alla L.R. 40/2005. Bollettino Ufficiale
n. 58, parte prima, del 31 dicembre 2015 (in Italian).

NTC (2008) Norme tecniche per le costruzioni. D.M. Ministero Infrastrutture e Traspor-
ti 14 gennaio 2008, G.U.R.I. 4 Febbraio 2008, Roma (in Italian).

Montaldo, V., Meletti, C., Martinelli, F., Stucchi, M., and Locati, M. (2007). On-Line
seismic hazard data for the new Italian building code. Journal of Earthquake Engineer-
ing 11, 119-132.

GNDT (1993). Detection of seismic vulnerability of masonry buildings - Instructions
for filling in the 2th level form (in Italian). CNR, Rome, Italy.

Baggio, C., Bernardini, A., Colozza, R., Corazza, L., Della Bella, M., Di Pasquale, G.,
Dolce M., Goretti, A., Martinelli, A., Orsini, G., Papa, F., Zuccaro, G. (2007). Field
Manual for post-earthquake damage and safety assessment and short term countermeas-
ures (AeDES). JRC Scientific and Technical Reports.

Pianigiani, K. Przelazloski, I. P. Christovasilis, G.P. Cimellaro, M. De Stefano, A. Fil-
iatrault, T.J. Sullivan., M. Tanganelli (2014). A comprehensive methodology for evalu-
ating the seismic resilience of health care facilities considering nonstructural
components and organizational models. Proc. Il European Conference on Earthquake
Engineering and Seismology. Istanbul 2014.

Pianigiani, M. (2015). Seismic Resilience of Hospitals. PhD Thesis dissertation.

La Brusco A, Mariani V, Tanganelli M, Viti S, De Stefano M (2015). Seismic assess-
ment of a real RC asymmetric hospital building according to NTC 2008 analysis meth-
ods. Bull Earth Eng. 13(10): 2973-2994.

2024



