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Abstract 12 

The digitization of built heritage is essential for safeguarding cultural and historical 13 

assets, particularly in the face of disruptive events. In this context, this paper assesses 14 
the resilience and operability of existing churches, supported by a comprehensive 15 

digitization workflow and a large dataset of data. Specifically, the work focuses on 26 16 

churches of the Sulmona-Valva Diocese damaged during the 2009 L'Aquila 17 
earthquake. The proposed workflow integrates systematic data collection, the 18 

development of empirical and theoretical resilience curves, and the calculation of a 19 

Global Resilience Index. Unlike traditional methodologies, this study incorporates 20 
restoration funds as a weighting factor in resilience assessments, reflecting the cultural 21 

and historical importance of each structure. Additionally, the integration of data into a 22 

flexible digital platform enables real-time analysis and resilience planning, supporting 23 
informed decision-making for urban planning and resource allocation. These digital 24 

platforms significantly enhance the resilience assessment of cultural heritage by 25 
enabling the storage and processing of large datasets, thereby revolutionizing both 26 

academic research and operational practices. The findings highlight the potential of a 27 

data-driven framework to enhance the protection and conservation of heritage 28 
buildings in seismic-prone areas. 29 

 30 
Keywords: Architectural engineering, Built heritage, Resilience, Earthquake, Church. 31 

 32 

1. Introduction 33 

The word “resilience”, as defined by contemporary dictionaries, refers to the ability of a system to return to its 34 
original state after being disturbed. Resilience is a multidisciplinary concept that applies to various fields, including 35 
ecology, social sciences, engineering, and economics. In seismic engineering, resilience is defined as the capacity of a 36 
system to absorb, manage, and adapt to seismic events. This concept is particularly crucial as it allows for the 37 
development of economic and political strategies aimed at reducing the impact of disruptive events. This study adopts 38 

an engineering-oriented approach to resilience assessment, integrating empirical and theoretical methods to quantify 39 
the ability of heritage churches to recover functionality after an earthquake. 40 

In recent years, numerous authors have explored the concept of resilience from the engineering perspective, seeking 41 
ways to evaluate the resilience of specific or generic systems. The literature review conducted by Hosseini et al. [1] 42 
categorizes resilience evaluation methods into two primary types: 1) qualitative assessment approaches and 2) 43 
quantitative assessment procedures. Qualitative approaches include methods without specific mathematical 44 

formulations. Quantitative assessment procedures, on the other hand, offer measurable metrics that can be applied 45 
broadly or adapted to specific fields. 46 

One of the first quantitative measures of resilience was proposed by Bruneau et al. [2,3] as the area under the 47 
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functionality curve Q(t) of the system analyzed between the initial time of the extreme event t0 and the time 48 
corresponding to the end of the recovery process TR. When the extreme event is an earthquake E, these measures were 49 
named t0E and TRE, respectively. The approach proposed by Bruneau et al. [2,3] implements a general quantitative 50 
procedure independent of the type of the considered system considered (transport, buildings, infrastructure, hospitals, 51 
etc.) and is considered as the starting point of this work. 52 

Over the past 15 years, many scientific publications have proposed new methods and approaches for quantitatively 53 
measuring resilience [4]. However, despite their number, these approaches can be classified into two macro-categories: 54 
a) probabilistic approaches and b) deterministic approaches, based on the presence or absence of a systematic evaluation 55 
of the uncertainties inherent to the extreme event and the capacity of the system, respectively. According to the 56 
probabilistic approach (a), the system's functionality must be measured using a loss estimation method that considers 57 
uncertainties regarding future extreme events [5-10]. Chang and Shinozuka [5] introduced a probabilistic approach for 58 
assessing resilience, measured with two elements: (i) loss of performance and (ii) length of recovery. Resilience is 59 
defined as the probability that the initial performance loss of the system after an outage is less than the maximum 60 
acceptable performance loss and that the full recovery time is less than the maximum acceptable outage time. Youn et 61 
al. [6] define resilience as the sum of the passive survival rate (reliability) and proactive survival rate (restoration) 62 

following a disruption. Ayyub [7] measure resilience as a combination of “robustness” (how well a system resists 63 
problems) and “resourcefulness” (how quickly a system recovers). Using advanced probabilistic formulations, Ayyub's 64 
[7] method considers both how to prevent problems (reliability) and how to handle them when they happen (recovery 65 
speed). Franchin and Cavalieri [8] developed a methodology to quantify the resilience of infrastructure networks 66 
following seismic events. Their approach evaluates network efficiency based on connectivity and accessibility, where 67 
closer node connections enhance overall performance. The proposed resilience index integrates multiple factors, 68 
including the number of displaced individuals, pre-earthquake network performance, and post-disaster recovery speed, 69 
with uncertainties addressed through a probabilistic approach. According to Cimellaro et al. [9-10], “resilience” is 70 
defined as a function indicating the capability to sustain a level of functionality. It is calculated as the area under the 71 
functionality curve, normalized to the control time, where the functionality is obtained from a probability function 72 
taking into account direct and indirect losses. 73 

Other studies on resilience [11-13] determine the functionality of lifeline systems using deterministic approaches 74 
(b), based on time-dependent restoration curves calculated after specific earthquakes. Dueñas-Osorio et al. [11] 75 
developed a practical time-series approach to quantify lifeline system resilience. Using restoration data from power, 76 
potable water, and telecommunication systems following the 2010 Mw 8.8 Offshore Maule, Chile, earthquake, they 77 
constructed restoration curves that depict the fraction of subscribers with service over time, illustrating the recovery 78 
process. Cimellaro et al. [12-13] expanded upon the time-series approach to resilience assessment by introducing a 79 
method that quantifies the interdependency between critical infrastructure systems. They developed an equation based 80 
on the cross-correlation function between two restoration curves, allowing them to calculate an interdependency index. 81 
This index provides a numerical value that helps identify the systems that contribute most significantly to overall 82 
recovery challenges. By quantifying these interdependencies, the method enables more targeted allocation of resources, 83 
focusing on the systems that have the greatest impact on overall resilience. The deterministic nature of this approach 84 

facilitates statistical analysis of time series data, enabling an accurate resilience assessment of the asset under 85 
consideration. For this reason, it was selected as the reference method of this study. However, its implementation may 86 
present limitations due to data scarcity. Nevertheless, in the case analyzed in this study, the availability of previously 87 
inaccessible datasets—released over the years following the 2009 L'Aquila earthquake—has mitigated this limitation. 88 
Although deterministic approaches have been widely applied to assess the resilience of critical infrastructures and urban 89 
systems, their application to historical buildings remains limited. In particular, the resilience of heritage churches—90 
complex architectural and structural typologies of essential cultural significance—has not been systematically 91 
addressed. This study aims to bridge this gap by adapting deterministic resilience assessment methods to cultural 92 
heritage. 93 

Seismic resilience can be assessed at various levels, depending on the intended objective. At the individual structure 94 
level, seismic resilience is evaluated by measuring a building's or infrastructure's capacity to absorb seismic forces and 95 
recover its lost performance. However, resilience can also be evaluated on a broader scale by considering multiple 96 
structures or infrastructures belonging to the same system, such as an urban community, a diocese, or a local healthcare 97 
system. Resilience of a community is specifically defined in a framework formulated by Renschler et al. [14] and 98 
Cimellaro et al. [15]. It subdivides resilience into seven dimensions according to the acronym PEOPLES: Population 99 
and demographics, Environmental/ecosystem, Organized governmental services, Physical infrastructure, Lifestyle and 100 
community competence, Economic development, and Social-cultural capital. According to the PEOPLES framework, 101 
physical infrastructures can be divided into two major groups: facilities and lifelines. The first group includes 102 
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residential, commercial, and cultural facilities, while the second consists of communications, healthcare, food supply, 103 
utilities, and transportation. However, this classification neglects two basic types of facilities and lifelines: critical 104 
physical infrastructures and heritage buildings. Critical infrastructures provide essential support for economic and 105 
social well-being, public safety, and the functioning of key government responsibilities. Historical buildings are a 106 
testament to our past and key elements of our cultural heritage. It is crucial to establish appropriate methods and 107 
procedures to assess their resilience to protect and preserve them for future generations. In view of these considerations, 108 
the analysis of the seismic resilience of the churches is particularly relevant, as most of them are national architectural 109 
and historical heritage. Additionally, as churches can contain significant numbers of people during celebrations, they 110 

can also be classified as critical physical infrastructures. This study builds upon previous works by adapting existing 111 
resilience assessment frameworks to the context of heritage churches and integrating digitalization processes to enhance 112 
resilience monitoring and management. 113 

Beyond resilience assessment, digitalization has become increasingly relevant in heritage management. Digital tools 114 
facilitate the systematic collection, storage, and analysis of post-disaster recovery data, supporting informed decision-115 
making for both structural interventions and conservation planning. Several studies [16-17] have demonstrated that 116 
integrating seismic vulnerability and risk assessments into digital platforms enhances monitoring capabilities and long-117 

term heritage management. However, the application of such methodologies to quantitative resilience modeling remains 118 
limited. This research addresses this gap by developing a digitization workflow specifically tailored for engineering 119 
resilience assessments, incorporating a structured data management framework to optimize resource allocation and 120 
post-disaster intervention strategies. 121 

This work presents a new path for the large-scale evaluation of the seismic resilience of heritage buildings. Using 122 
recent earthquake data, this approach adapts current theories on empirical and theoretical resilience curves to the built 123 

heritage to calculate a global resilience index. Additionally, it introduces and constructs a framework for digitizing the 124 
resilience of the built environment to support urban planning and resource allocation. The innovation is twofold: for 125 
the first time, data from different churches are used to obtain a global resilience index; furthermore, this work proposes 126 
guidelines for implementing this process in an integrated platform designed to enhance the digitization of the 127 
management of the built environment. 128 

To this end, the seismic resilience of 26 churches in the Sulmona-Valva Diocese (Abruzzi, Italy) following the 2009 129 
L'Aquila earthquake is assessed using both empirical and theoretical approaches. Initially, resilience is estimated 130 

through an empirical, quantitative analysis of observed damage after the earthquake, with a damage index assigned to 131 
each church. Subsequently, theoretical resilience curves are calibrated based on empirical data, allowing for the 132 
estimation of resilience even when detailed data is unavailable. This calibration adapts methods commonly used for 133 
lifeline systems to the specific context of heritage structures, thus creating a replicable model for resilience assessment. 134 
The evaluation of resilience is performed assuming that the complete recovery of structural functionality corresponds 135 
to the completion of the works and the reopening of the churches. Finally, the procedure for integrating the churches’ 136 
data into a dynamic and flexible platform is implemented, as well as the definition of the logic tree for the automation 137 
of the entire procedure. 138 

 139 

2.  Methodological Approach 140 

 141 

2.1 Operational Framework 142 

The proposed methodological approach consists of four detailed steps that define the resilience curves for heritage 143 
buildings. Each step is systematically described, highlighting both the methodological framework and the key 144 
innovations compared to the existing state of the art. To ensure clarity, this section presents the methodological aspects 145 
independently from the case study results, including appropriate references to support the methodological framework 146 
and clearly distinguish it from the empirical findings. 147 

1. Data Collection: The first step involves collecting data for the 26 churches considered in the analysis. This 148 
includes gathering values for the damage index of each church, which is calculated based on observed damage 149 
mechanisms affecting the primary structural elements. Additionally, data on the allocation of restoration funds 150 
and the progress of reconstruction works are systematically collected. The monitoring of restoration progress is 151 
conducted on a bimonthly basis, allowing for a detailed temporal assessment of the recovery process. Although 152 
this step aligns with the deterministic approach to resilience assessment [11-13], it introduces key innovations: 153 
(1) the collected data refer to the built heritage rather than critical infrastructure or lifeline systems, (2) the 154 
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damage index is used as an indicator of functionality loss rather than a direct measure of functional disruption, 155 
and (3) the gradual restoration of the monument's functionality is assessed based on the progress of the 156 
restoration works. Specifically, the damage index is progressively reduced as a function of the percentage of 157 
allocated funds effectively spent on restoring functionality. 158 

2. Empirical Resilience Evaluation: In the second step, empirical resilience curves are derived for each church, 159 
following a deterministic approach to quantitatively assess the engineering resilience [11-13]. However, this 160 
study introduces two pivotal novelties. First, the functionality loss after the earthquake is calculated by using 161 
the damage index id, providing an innovative metric for assessing post-earthquake degradation. Second, the 162 
recovery function is modelled based on financial investment, where the restoration progress is quantified 163 
according to the percentage of funds spent relative to the total allocated for the considered heritage building. 164 
This approach enables a more dynamic and resource-sensitive evaluation of resilience, distinguishing it from 165 
traditional methodologies. 166 

3. Theoretical Resilience Evaluation: Since constructing detailed empirical resilience curves requires acquiring 167 
a substantial amount of data, which is not always available, the empirical data were used to calibrate and adapt 168 
theoretical formulations from the literature [10], which are generally applied to lifeline systems, to the context 169 
of Italian built heritage.  170 

4. Calculation of the Global Resilience Index: For each analyzed heritage building, the average functionality 171 
over time is calculated, following the approach suggested by Bruneau et al. [2,3]. As an innovative contribution, 172 
this study introduces a Global Resilience Index, which quantifies the overall seismic resilience of the entire 173 
church system. Unlike traditional approaches, this index is computed by weighting the resilience contribution 174 
of each church in proportion to the percentage of funds allocated to its restoration, relative to the total funds 175 
assigned to the entire church system. This methodology provides a more representative measure of systemic 176 
resilience, highlighting the role of financial investment in post-disaster recovery at a network scale.  177 

 178 

2.2 Comparison with Existing Approaches 179 

Although previous studies have developed deterministic approaches to assess the resilience of lifeline systems and 180 
critical infrastructure [2-3, 11-13], these methods cannot be directly applied to buildings, particularly to the built 181 
heritage. This study overcomes this limitation by introducing the following innovative aspects compared to existing 182 
methodologies: 183 

• Traditional approaches typically assess direct functional disruption, whereas this study models functional loss 184 
using the damage index id, offering an assessment of functionality directly related to the effects of the 185 
earthquake on the building. 186 

• Existing models often assume standardized recovery functions, while the proposed methodology incorporates 187 
financial investment as a key driver of recovery, using the percentage of funds spent as a dynamic indicator 188 
of resilience. 189 

• Previous applications of resilience indices do not consider heritage networks, whereas this study introduces a 190 
Global Resilience Index that quantifies systemic resilience across multiple heritage buildings, weighting each 191 
contribution based on allocated restoration funds. 192 

 193 

3. Definition of the Resilience Curves 194 

 195 

3.1 Data Collection 196 

The first step in defining global resilience in a territorial context is a) to identify and locate the building systems to 197 
be analyzed and b) to assess the damage sustained by each building through the determination of a comprehensive 198 
damage index. In this work, a system of churches belonging to the Sulmona-Valva Diocese was analyzed. This diocese 199 
is located in the ecclesiastical province of L'Aquila (Italy) and includes 251 churches distributed across 49 different 200 
municipalities. The seismic damage sustained by masonry churches in the Sulmona-Valva Diocese after the 2009 201 
L'Aquila earthquake was extensively analyzed by De Matteis et al. [18]. Their analysis focused specifically on three-202 
nave churches, which represent 14% (26 buildings) of the total number of churches in the diocese. The selection of 203 
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these churches was motivated by the substantial homogeneity found in terms of materials, geometric ratios, and 204 
architectural typology. 205 

After examining the damage caused by the 2009 earthquake, De Matteis et al. [18] identified 28 damage mechanisms 206 
affecting the primary macro-elements of the analyzed churches (such as façade, colonnade, vaults, apse, transept, dome, 207 
and bell tower), in accordance with the Italian Code for the reduction of seismic risk of cultural heritage [19]. These 208 
mechanisms provide a comprehensive understanding of the vulnerabilities exhibited by various parts of the church 209 
structures during seismic events. De Matteis et al. [18] also defined six possible levels of damage, denoted as dk, ranging 210 
from 0 to 5. A level of dk = 0 indicates that no damage has occurred to the macro-element, or that the macro-element is 211 
not present, while dk = 5 represents a complete collapse of the macro-element. To provide an overall assessment, a 212 
global damage index id is assigned to each church analyzed, using the following equation, as suggested by [19]: 213 
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where (ρk,i) is a weight score, ranging from 0 to 1, based on the influence that the mechanism i has on the global 215 
structure stability. Table 1 identifies location, foundation period, acronym and damage index of each of the 26 churches 216 
of the Sulmona-Valva diocese examined by De Matteis et al. [18] and used in this work for the calculation of the 217 
resilience of the ecclesiastic system. 218 

Table 1 – Location, foundation period, and damage indices of the three-nave churches belonging to the Sulmona-

Valva Diocese analyzed by De Matteis et al. [18] and used in this work for the calculation of the resilience of the 

entire ecclesiastical system. Dataset of Damage Index is derived from De Matteis et al. [18] and is here presented in 

a new tabular format. © 2025, Authors 

 

In order to obtain resilience curves for the individual churches, all information regarding public funding allocated 219 
by authorities for post-earthquake reconstruction was collected, including the start and completion dates of the works 220 
as well as the progress of the works at bimonthly intervals. The data were obtained by considering the reports of the 221 

ID Church Municipality Acronym Construction century Damage Index 

1 San Marco Evangelista  Castel del Monte  SME XV 0.277 

2 Santa Maria Della Pace  Capestrano  SMP XVII 0.296 

3 San Martino  Gagliano Aterno  SMA XIV 0.360 

4 San Francesco  Castelvecchio Subequo  SFR XIII 0.197 

5 San Benedetto Abate  San Benedetto in Perillis  SBA VIII 0.072 

6 San Giovanni Battista ed Evangelista Castelvecchio Subequo  SGE XVIII 0.203 

7 San Pietro ad Oratorium  Capestrano  SPO VIII 0.096 

8 Santa Maria Assunta  Castel di Ieri  SMS XV 0.352 

9 Santa Gemma  Goriano Sicoli  SGM XVI 0.637 

10 Santa Maria Nova  Goriano Sicoli  SMN XVI 0.451 

11 Santa Maria Del Borgo  Vittorito  SMB XVI 0.048 

12 Santa Maria Maggiore  Raiano  SMM XV 0.128 

13 Basilica di San Pelino  Corfinio  SPE XI 0.027 

14 San Michele Arcangelo  Roccacasale  SMI XIII 0.083 

15 Madonna Della Libera  Pratola Peligna  MDL XVI 0.080 

16 San Pietro Celestino  Pratola Peligna  SPC XV 0.064 

17 Santa Maria Delle Grazie  Anversa degli Abruzzi  SGR XVI 0.232 

18 Santissima Annunziata  Sulmona  SSA XIV 0.067 

19 San Panfilo  Sulmona  SPA XI 0.112 

20 San Domenico  Sulmona  SDO XIII 0.216 

21 Santa Maria Della Tomba  Sulmona  SMT XIII 0.016 

22 Santa Maria Maggiore  Pacentro  SMR XVI 0.080 

23 Santa Maria Della Valle  Scanno  SMV XII 0.027 

24 San Salvatore  Cansano  SSL XII 0.152 

25 San Nicola  Cansano  SNB XIII 0.152 

26 Santa Maria del Carmelo  Villa Scontrone  SMC XVIII 0.000 
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funds allocated by the MiC (Ministero della cultura - Ministry of Culture) and work assignment decrees for the period 222 
before the year 2012 and, the bimonthly monitoring reports from the USRA (Ufficio Speciale Per la Ricostruzione 223 
dell'Aquila - Special Office for the Reconstruction of L'Aquila), for the period from 31/10/2013 to 30/06/2024 [20]. 224 
The USRA monitoring reports provide, for each funded intervention, the type of intervention, the cost, the first 225 
disbursement of funds, the estimated completion date, the implementation status (design, execution, testing, or 226 
completed intervention), and the percentage estimate of work progress. Where not specifically indicated, the initial 227 
fund disbursement has been considered as coinciding with the start of work.  228 

Table 2 summarizes the information gathered for the churches listed in Table 1. Note that information on the funds 229 
received and the corresponding start date of work was available for only 16 of them. According to the information 230 
gathered in this study, other churches have not undergone any type of post-earthquake intervention, and for this reason, 231 
their resilience was not analyzed in this study. Specifically, Table 2 includes the project description along with the 232 
corresponding funding, the total cost of the intervention, the date of the initial funding, the completion date, and the 233 
estimated percentage of work completed for some of the monitored periods. This analysis revealed that some churches, 234 
such as San Francesco (SFR) in Castelvecchio Subequo Santa Maria Assunta (SMS) in Castel di Ieri, San Pelino (SPE) 235 
in Corfinio or San Pietro Celestino (SPC) in Pratola Peligna, were restored shortly before the earthquake, and no further 236 

consolidation interventions were planned. For other churches, again located in the province of L'Aquila, such as San 237 
Marco Evangelista (SME) in Castel del Monte or San Martino (SMA) in Gagliano Aterno, the restoration interventions 238 
have only recently begun, and the completion date remains unknown. 239 

Table 2 also highlights that the allocated funds are not always proportional to the damage indices assessed after the 240 
2009 L'Aquila earthquake. This discrepancy is shown in Figure 1, where, for each analyzed church, both the amount 241 
of allocated funds and the damage index following the 2009 earthquake are reported. It should be noted that the amount 242 

of funds allocated may depend more on the church's historical and artistic value rather than solely on the damage index, 243 
reflecting specific choices in funding allocation. 244 

 

Figure 1 – Funds allocated for each analyzed church that received funding compared with the corresponding 

damage index assessed after the 2009 earthquake. © 2025, Authors 

 245 

3.2 Empirical Resilience 246 

The resilience of a community, a system of buildings, or a single structure to a disastrous event can be represented 247 
through a curve. On the x-axis, there is the time t, starting from the catastrophic event (or immediately before), up to 248 
the period when the system has fully regained its original functionality. The y-axis represents the system functionality 249 
Q(t). Before the event, functionality is at 100%. When the event occurs, functionality drops sharply, followed by a 250 
recovery phase. The speed of recovery depends on the community’s recovery capacity, political choices, and 251 
availability of funds.  252 
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Table 2 – For each of the analyzed churches: project description, total cost of the intervention, date of initial 

funding, completion date, and estimated percentage of work completion across several monitored periods. © 2025, 

Authors 
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The data collected on the 16 churches analyzed and shown in Table 2 allowed for the plotting of their empirical 253 
resilience curves, characterized by data directly observed on-site (Figure 2). In this case, the date of the disastrous event 254 

corresponds to April 6, 2009, the date of the L'Aquila earthquake, and the points on the x-axis correspond to the dates 255 
when the progress of the works was monitored. The points on the y-axis, corresponding to the restoration of 256 
functionality, were derived based on the damage index id and the percentage of work completion. Specifically, at each 257 
time ti, id was scaled as a function of the corresponding percentage of work completion. In the case of churches 258 

undergoing multiple interventions, the damage index was scaled based on the cost of each intervention and its 259 
completion status. Subsequently, the functionality Q(ti) was calculated as indicated in Eq. 2. In this way, a null damage 260 
index id,ti corresponds to a functionality Q(ti) of 100%, while, for example, id,ti = 0.2 corresponds to Q(ti) = 80%. 261 

 ( ) ,1
ii d tQ t i= −  (2) 262 

where Q(ti) is the functionality of the considered church at the time ti and id,ti is the corresponding damage index. 263 

Figure 2 shows the empirical resilience curves for some of the churches listed in Table 2. These curves exhibit 264 
substantial and significant differences compared to the restoration curves found in the literature, which focus on 265 
different types of lifeline systems [11-13]. Specifically, in this case, there is a long period t between the occurrence of 266 
the event and the start of recovery and consolidation works, which can vary from a few years to over ten years. There 267 
are, in fact, churches that, more than 15 years after the event, have just started or have yet to begin restoration and 268 
consolidation works (SMA, SGE, SGM), despite the funds having been allocated long ago. 269 

 

Figure 2 – Empirical resilience curves of the three-nave churches of the Sulmona-Valva Diocese after the 2009 

L'Aquila earthquake. © 2025, Authors 
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Generally, there is a minimum level of functionality below which structural recovery is no longer cost-effective, as 270 
the physical structure of the building has been damaged to such an extent that its original functionality can no longer 271 
be restored with an efficient cost-benefit ratio. In such cases, the structure is typically replaced with a new building 272 
serving the same functions as the original one. From a resilience perspective, this concept can be expressed as the 273 
presence of a Minimum Functionality (MF) Level, below which the structure is unable to recover its original function. 274 
Heritage buildings are characterized by very low or null MF coefficients, as their recovery is not determined by an 275 
optimal cost-benefit ratio but by the goal of preserving and passing cultural and historical heritage to future generations. 276 
In this study, none of the analyzed churches reached their MF coefficient, as the maximum observed damage after the 277 

2009 L'Aquila earthquake was 0.637, according to [18]. 278 
 279 

3.3 Theoretical Resilience 280 

Constructing detailed empirical resilience curves often demands a substantial volume of data, which may not be 281 
readily available for all contexts. To address this limitation, empirical data were leveraged to calibrate and adapt 282 

theoretical formulations commonly applied to lifeline systems to the unique characteristics of Italian built heritage. The 283 
use of a limited dataset calibrated with real data enables the estimation and comparison of resilience across various 284 
built heritage systems. This approach also supports the digitalization and automation of resilience assessment processes 285 
for entire systems, offering a replicable methodology. 286 

The works of Cimellaro et al. [9-10], as well as studies using their method [e.g., 21-26] state that the recovery of a 287 
system can follow three different theoretical curves frec: (a) linear, (b) exponential [26] and (c) trigonometric [6]. The 288 
most basic approach is a linear recovery function (a), typically applied when no information is available on 289 
preparedness, resource availability, or societal response. An exponential recovery function (b) may be suitable when 290 

an initial influx of resources is present, with the recovery rate gradually slowing as the process nears completion. A 291 
trigonometric recovery function (c) can be used when societal response and recovery are limited by a lack of 292 
organization and/or resources 293 
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where frec is the recovery function, which is the complement of Q(t), a is the global damage index of the considered 295 
church after the earthquake, b is a constant value calculated using curve fitting to available data sources, t0E is the instant 296 

of time when the earthquakes occur, and TRE is the recovery time necessary to go back to pre-disaster condition 297 
evaluated starting from t0E. 298 

The type of recovery curve is influenced not only by the specific characteristics of the system but also, and more 299 
importantly, by the level of damage caused by the earthquake. When a structure experiences minimal damage, its 300 
recovery is typically rapid and follows an exponential curve over a short period of time. Conversely, when a structure 301 
suffers extensive or moderate damage, the recovery of its original functionality is likely to be slow and follows a 302 

trigonometric curve. Figure 3 shows the recovery curves as a function of the damage level caused by the seismic event, 303 
as well as the minimum functionality level below which the original system is generally not restored. 304 JU
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Figure 3 – Recovery curves as a function of the damage level generated from a seismic event and the minimum 

functionality level below which the original system is not generally restored (in red). © 2025, Authors 

The empirical resilience curves shown in Figure 2 were compared with the theoretical resilience curves. This 305 
comparison was adapted to the Italian context by adjusting the theoretical approach presented in Figure 3. Typically, a 306 
disruptive event is immediately followed by the reconstruction process; however, in the case of the three-nave churches 307 
in the Sulmona-Valva Diocese, there is an extended delay between the L’Aquila earthquake and the start of recovery 308 
efforts. Consequently, Equations 3a, 3b and 3c were applied by setting t0E to the date when securing, consolidation, or 309 

restoration work began on the churches, rather than the instant when the earthquake occurred. For instance, Figure 4 310 
displays comparisons between the empirical and theoretical resilience curves for some of the analyzed churches. It is 311 
observed that this adjustment to t0E enables the empirical resilience curves to align with the theoretical ones. This 312 
alignment suggests that, even without continuous monitoring of the reconstruction progress, a resilience curve can be 313 
hypothesized based on the known end of the works and the period between the destructive event and the start of 314 
reconstruction, allowing for the derivation of the corresponding resilience index, which is equal to the area under the 315 
curve. 316 

 

Figure 4 – Comparison between empirical (in black) and theoretical (in antique rose) resilience curves for the SMT, 

SMM and SDO churches. © 2025, Authors 

 317 

3.4 Global Resilience Index 318 

To develop a global resilience index, it is first essential to determine the average functionality over time for each 319 
church. Each church’s resilience curve represents its functionality Q(t) as a function of time t. By calculating the average 320 

functionality over the observation period (i.e. the area under the functionality curve), a representative measure of each 321 
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church's resilience is obtained: 322 

 ( )
0

1 T

i i
t

Q Q t dt
T

=   (4) 323 

where Qi(t) denotes the functionality of church i at time t, and T represents the total observation period (from the 324 
earthquake occurrence to the completion of restoration). 325 

The resilience of the single heritage buildings is calculated as a percentage. A resilience of 100% indicates that the 326 
heritage structure did not sustain damage from the disruptive event, or that there was any damage. Conversely, a 327 
resilience of 0% indicates a total collapse of the historical building, with no intent or possibility of restoring the lost 328 
functionality. For example, a resilience of 50% may correspond to a damage index of 1, while higher resilience values 329 
correspond to progressively lower damage indices. Resilience is calculated as the area under the curve, normalized over 330 
the observation period T. Therefore, for the same disruptive event, if the restoration start, recovery function, and damage 331 
index remain unchanged, the resilience value is the same whether T is 10 or 20 years. When the start date of restoration 332 
does not coincide with the disruptive event, the recovery curve does not begin immediately after the event but at the 333 
start of the restoration work. Nevertheless, resilience is always calculated as the area under the Q(t) curve between the 334 
disruptive event and the completion of work. Where there is no completion date, the reference point is the date of the 335 
last monitoring. 336 

In developing a Global Resilience Index that reflects the overall seismic resilience of the church system, this study 337 
introduces a novel approach: weighing the resilience contributions of individual churches based on the funds allocated 338 
for their restoration. This methodology leverages the assumption that higher restoration funding correlates with greater 339 
historical, cultural, or social importance, offering an indirect but pragmatic indicator of priority. In existing literature, 340 
resilience indices often rely on factors such as structural vulnerability, geographic location, or specific damage 341 
assessments as primary criteria for weighing resilience elements (see, for instance, methodologies by Cimellaro et al. 342 
[14-15] in the PEOPLES framework apply a resilience-based design in urban settings). However, this approach does 343 
not account for the significance of cultural heritage in resilience, nor does it directly incorporate financial considerations 344 

as a reflection of priority. 345 

For each church i, a weight 𝑤𝑖 proportional to the allocated restoration funds Fi was assigned: 346 

 i

i

ii

F
w

F
=


 (5) 347 

where the sum of weights equals 1. This weighted approach provides a Global Resilience Index (Rglobal) calculated 348 
in percentage terms as: 349 

 ( )%global i ii
R w Q=   (6) 350 

where Qi represents the average functionality over time for each church, expressed as a percentage. By adopting 351 
restoration funding as a weighting factor, this study aligns resilience calculations with practical, real-world 352 
considerations, enhancing the representation of both recovery dynamics and cultural importance. This approach also 353 

supports resource allocation strategies that align with both structural resilience and heritage conservation.  354 

 355 

3.5 The Global Resilience Index Application 356 

The Global Resilience Index for the three-nave masonry churches in the Sulmona-Valva area was calculated using 357 
theoretical resilience curves for 12 churches from a dataset of 26 with sufficient data. As previously mentioned, in the 358 
absence of sufficient data, it is possible to calculate theoretical resilience. To demonstrate the potential of this approach, 359 
the theoretical model was validated by assuming the absence of certain data and then compared with the empirical 360 
calculation. The calculated resilience, weighted according to the allocated restoration funds, resulted in a value of 361 
88.5%, reflecting a generally high resilience of Abruzzo’s churches to seismic events.  362 

The procedure was repeated by constructing theoretical resilience curves without accounting for the time between 363 
the destructive event and the start of restoration, while maintaining the same completion date, percentage of work 364 
completed, and resilience function. This approach allowed for the calculation of an ideal resilience index of 90.8%. It 365 
should be noted that in this case, the same completion date was maintained. If, instead, the duration of the consolidation 366 
works is kept constant by eliminating the delay between the destructive event and the start of works—thus moving the 367 
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completion date earlier—the resilience became equal to 94.2%. These results emphasize the impact of timely resource 368 
allocation by public authorities, illustrating how more immediate interventions can substantially enhance the resilience 369 
of cultural heritage. 370 

 371 

4.  Digitization of Resilience Curves 372 

 373 

4.1 Digitization Workflow 374 

The digitization workflow for assessing the seismic resilience of heritage buildings follows a systematic approach that 375 
integrates data collection, analysis, dynamic visualization and strategic planning into a coherent framework. This 376 
workflow focuses on an automated data management system tailored to resilience assessment. It is designed to guide 377 
the entire process, from gathering initial damage data to implementing a dynamic digital platform for ongoing 378 
management and resilience planning. The goal is to provide a scalable and adaptable tool for monitoring restoration 379 
progress, quantifying resilience indices, and supporting decision-making for conservation strategies.  380 

The workflow is divided into five main stages, from raw data collection to digital representation and resilience 381 
assessment: 382 

• Data Collection and Organization. A georeferenced Innovative Technology (IT) platform is constructed using 383 
a system based on Geographic Information System (GIS) to spatially organize and visualize resilience data. This 384 
platform allows for the precise localization of each heritage building and the collection of relevant information, 385 
including post-earthquake damage indices, allocated restoration funds and restoration progress tracking, 386 
conducted on specific time intervals for precise monitoring.  387 

• Implementation of a Structured Database. Data is structured in a relational database, where each church 388 
identification (ID) serves as a unique reference, enabling continuous monitoring of the building’s resilience 389 

evolution. To ensure real-time updates, the system is designed to interface directly with public databases that 390 
publish information on allocated restoration funds (e.g. [20]). This integration allows for automated retrieval of 391 
funding data, ensuring that resilience calculations remain dynamically updated as new funding rounds are 392 
approved or disbursed. 393 

• Development of Resilience Curves. Empirical resilience curves are constructed based on the percentage of 394 
completed restoration work. In cases where data is not available, theoretical resilience curves are developed 395 
using average data from similar churches, with the potential application of machine learning algorithms to 396 
enhance predictive accuracy. At this stage, analyses are conducted at the building scale, and algorithms are 397 
implemented within the platform to dynamically plot resilience curves, ensuring real-time assessment. 398 

• Identification of a Global Resilience Index. The Rglobal index is calculated as a weighted average based on the 399 
resilience of individual buildings and the funds allocated for their restoration, reflecting the overall system's 400 
resilience. In this case, a territorial scale is used to provide the resilience dynamics of the overall heritage system, 401 
which are displayed in a graphical real-time interface. 402 

• Planning of Safety Measures for the Heritage System. Based on the resilience analysis, this final stage focuses 403 
on identifying buildings with lower resilience so that policymakers and stakeholders can adequately and 404 
reasonably plan the allocation of funds, safety measures, or restoration interventions needed. To assist this 405 
process, the system can provide recommendations for prioritizing funds, security measures, and interventions 406 
upon request, ensuring optimal heritage preservation strategies. 407 

 408 

Figure 5 provides a visual representation of the digitization workflow, highlighting each stage and illustrating how 409 
data flows from collection to analysis and implementation. Each step is interconnected, and each information is 410 
essential to the next step, supporting an efficient resilience strategy for heritage buildings. 411 
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Figure 5 – Digitization Workflow for Seismic Resilience of Heritage Buildings. © 2025, Authors 

 412 

4.2 Limitations and future directions 413 

From an operational perspective, the web-based platform and digitization workflow can vary in complexity. For 414 
instance, the algorithm for identifying resilience can be implemented on a basic platform, working as an Excel sheet, 415 
where specific details for each church ID are recorded.  416 

On the other hand, a more advanced platform, which could be developed through future research, would significantly 417 
enhance functionality. The proposed georeferenced computing platform and GIS-based system outlined in this study 418 
represent a conceptual framework for future implementation, aimed at improving data integration, automation, and 419 
visualization capabilities. Once fully developed, this system would enable automated calculations, real-time data 420 
retrieval from public databases, and dynamic visualization of resilience metrics, providing a scalable and adaptive 421 
tool for heritage conservation strategies. 422 

 423 

5.  Conclusions 424 

This paper presents a comprehensive approach to assessing the resilience and operability of heritage churches 425 
impacted by the 2009 L'Aquila earthquake. The proposed workflow integrates systematic data collection, empirical and 426 
theoretical resilience curve development, and a global resilience index calculation to support informed decision-making 427 
and enhance resilience planning. 428 

The key aspects covered in this paper and the innovative contributions include: 429 

(a) The quantitative calculation of resilience for cultural heritage, addressing the gap in the existing scientific 430 
literature related to quantitative resilience studies, which have primarily focused on lifeline systems and, more recently, 431 
on schools. 432 

(b) The development of empirical resilience curves based on restoration funding allocation and the monitoring of 433 
work progress, offering a novel perspective on how financial resources impact resilience. 434 

(c) The comparison and calibration of empirical and theoretical resilience curves, including the adaptation of 435 
theoretical models to cultural heritage cases. Constructing detailed empirical resilience curves often requires substantial 436 
data, which may not always be available. To address this, empirical data were used to calibrate theoretical resilience 437 
functions, adapted from lifeline systems to the unique characteristics of Italian built heritage. This approach enables 438 
the estimation and comparison of resilience across heritage systems, supports the digitization and automation of 439 
resilience assessments, and provides a replicable methodology. 440 
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(d) The calculation of a global resilience index, which aggregates the resilience of individual churches, weighted by 441 
the allocated restoration funds, reflecting both their physical resilience and their cultural and historical significance. 442 
These results highlight the critical role of timely resource allocation by public authorities, demonstrating how prompt 443 
interventions can significantly enhance the resilience of cultural heritage. 444 

(e) The creation of a digitization workflow designed to facilitate easy resource allocation and intervention planning, 445 
ultimately improving the resilience of built heritage and preparing it for potential disruptive events. 446 

Overall, the findings demonstrate that the proposed framework not only advances current methodologies for 447 
resilience assessment but also provides a practical tool for enhancing the preparedness of heritage buildings for 448 
disruptive events. Future research could integrate this approach with advanced predictive technologies, such as machine 449 
learning, to further enhance resilience modeling and improve accuracy. 450 
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