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Abstract 

The probabilistic assessment of seismic vulnerability in buildings through fragility curves 

plays a crucial role in seismic risk analysis, damage scenario prediction, and structural in-

tervention planning. These curves are also fundamental for planning seismic risk in terms of 

economic losses, supporting a more effective allocation of resources. Through a macroseis-

mic approach, it is possible to derive fragility curves for different structural types by pro-

cessing observed damage data from existing buildings after seismic events. In this context, 

data completion criteria are particularly important, as their application can significantly in-

fluence the resulting fragility curves. 

This study focuses on deriving fragility curves for reinforced concrete buildings, subdivided 

into different structural subtypes, and analyzing how the adoption of various completion cri-

teria can modify these curves. A new completion criterion is also proposed, based on damage 

probability conditional to a macroseismic intensity measure and it is compared with existing 

criteria to assess its impact on seismic risk and damage scenarios. The analysis is based on 

the observed damage databases of L’Aquila (2009), Emilia (2012), and Central Italy (2016–

2017) earthquakes. 

The results highlight how the completion criterion chosen may influence the fragility curves 

and, consequently, the accuracy of seismic risk estimations.  

Keywords: damage observed, empirical fragility curves, reinforced concrete buildings, seis-
mic risk, expected annual loss. 
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1 INTRODUCTION 

Macroseismic analysis is an approach used to assess the seismic vulnerability of existing 
buildings, based on the observation and analysis of damage sustained by structures following 
past seismic events [1, 2, 3]. Unlike analytical models, this method relies on empirical data 
derived from the actual behavior of buildings during earthquakes, providing insights into their 
ability to withstand seismic forces. 

Empirical fragility curves are a key tool in macroseismic analysis, describing the condi-
tional probability that a structure will reach or exceed a given damage level (DL) or limit state 
(LS) for a given seismic intensity measure (IM). Fragility curves are widely used in probabil-
istic assessments of seismic vulnerability and seismic risk, as they allow for the estimation of 
potential damage as well as the economic losses associated with future earthquakes [4, 5, 6, 7]. 

The derivation of empirical fragility curves is based on the statistical analysis of paired da-
ta obtained from direct observations of structural damage and the corresponding seismic in-
tensity. These data are typically collected through post-earthquake surveys, such as the 
compilation of damage and usability assessment forms (AeDES) [8]. Seismic intensity can be 
expressed through macroseismic indicators [9] (e.g., the EMS-98 scale) or through engineer-
ing parameters representing seismic action [10] (such as Peak Ground Acceleration – PGA). 

For the derivation of fragility curves, logistic regression models, such as probit or logit 
functions [11], are frequently adopted, and the Maximum Likelihood Estimation (MLE) 
method is applied to estimate their characteristic parameters [12]. 

This study focuses on the completion criterion for deriving fragility curves of existing 
buildings based on a macroseismic analysis. To this scope at first, a completion criterion is 
proposed. The it is applied for deriving fragility curves of Reinforced (RC) Concrete build-
ings, by considering several damage data of buildings suffered recent italian earthquakes. The 
fundamental parameters of the fragility curve (ϑi, β) are statistically estimated by partitioning 
the data into seismic intensity bins and selecting a lognormal cumulative distribution function 
as the fragility function [1]. 

2 DATABASE COMPLETION 

A critical aspect in the derivation process of empirical fragility curves is database comple-
tion. In post-earthquake surveys, buildings are generally inspected more systematically in epi-
central areas, while in more peripheral zones, sampling may be incomplete, with a prevalence 
of damaged buildings being recorded. This informational gap regarding undamaged (D0) and 
uninspected buildings can introduce a significant bias in the fragility curves, particularly for 
lower damage levels. 

Figure 1: AeDES census of a generic municipality 
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The databases used for the derivation of fragility curves rely exclusively on buildings sur-
veyed through the AeDES forms, which provide information on structural typology and ob-
served damage levels. As example, Figure 1 highlights within a certain area, the buildings 
surveyed after a certain seismic event (Figure 1a), the corresponding structural typology Fig-
ure 1b), and the resulting seismic damage level Figure 1c), the later varying from D0 to D5 
according to the EMS98 scale [9]. However, the number of surveyed buildings varies across 
municipalities, and a significant portion of buildings remains excluded from the census. For 
these unsurveyed buildings, no information is available regarding either their structural typol-
ogy or the damage they sustained during the seismic event. It has been demonstrated that ex-
cluding these data leads to the development of fragility curves that are not fully representative, 
making the integration of missing data essential in the calculation process. 

A fundamental parameter for the completion process is the completeness level of the sur-
vey campaign, which can be described and calculated through the Completeness Ratio (rm). 
This ratio measures, for each municipality, the buildings number surveyed with an AeDES 
form (Nm,AeDES) to the existing buildings total number (Nm,TOT). 

(1) 

To determine the total number of existing buildings in each municipality (Nm,TOT), data 
processed by the Italian National Institute of Statistics (ISTAT) was used [13]. 

In order to illustrate how the completion database may result significant on the buildings 
stock, Figure 2 illustrates the number of municipalities as function of the Completeness Ratio, 
for several Macroseismic Intensity Measures (MMIs). In this figure three buildings stocks are 
considered, suffering three distinct seismic events, that are: L'Aquila (2009), Emilia (2012), 
and Central Italy (2016/2017). In this Figure, shake maps provided by the National Institute of 
Geophysics and Volcanology (INGV) are used for defining the MMI. 

The analysis shows that the MMI increases as the completeness ratio progressively in-
creases, approaching unity and indicating larger survey coverage in municipalities where 
buildings suffered higher seismic damage. Conversely, in municipalities with lower MMI, the 
completeness ratio decreases significantly. 

Figure 2: Municipalities completeness ratio by considering three building stocks. 

This behavior reflects a well-known principle in damage survey campaigns using AeDES 
forms: the compilation of forms primarily occurred for buildings that suffered evident damage, 
while those with minor or no damage were ignored and not surveyed. As a consequence of 
this, the building stock data results incomplete, with regard to the buildings that were undam-
aged or with a low level of damage, but not surveyed. Consequently, this influences the over-
all building stock vulnerability analysis. 
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However, it is important to consider another issue. In a typical municipality, if a low com-
pleteness ratio is observed despite a high Macrosismic Intensity Measure (MMI), it is likely 
that the lack in the completion of AeDES forms for some buildings is not solely due to the 
presence of a negligible damage, but rather due to other reasons, such as logistical difficulties, 
limited access to the affected areas, or other problems in the survey process. In this context, 
automatically assigning a D0 damage level to not surveyed buildings may be inappropriate, 
leading to a biased representation of the damage distribution and of the overall vulnerability. 

Figure 3: Completion problem statement. 

Generalizing the problem, it is possible to calculate the buildings total number as the sum 
of the buildings surveyed through AeDES forms (NAEDES) and the missing buildings (NADD): 

𝑁𝑇𝑂𝑇 = 𝑁𝐼𝑆𝑇𝐴𝑇 = 𝑁𝐴𝐷𝐷 + 𝑁𝐴𝐸𝐷𝐸𝑆 (2) 

The total number of buildings can be expressed as the sum of the buildings in the m-th ana-
lyzed municipality: 

𝑁𝐼𝑆𝑇𝐴𝑇 =  𝑁𝐴𝐷𝐷,𝑚

𝑚

+ 𝑁𝐴𝐸𝐷𝐸𝑆,𝑚

𝑚

 (3) 

Introducing the subdivision for the different damage levels, we obtain: 

𝑁𝐼𝑆𝑇𝐴𝑇 = 𝑁𝐴𝐷𝐷,𝑚
𝐷𝑖

5

𝐷𝑖=0
𝑚

+ 𝑁𝐴𝐸𝐷𝐸𝑆,𝑚
𝐷𝑖

5

𝐷𝑖=0
𝑚

 (4) 

If the  j-th structural typology is considered, the previous expression may be rewritten as fol-
lows: 

𝑁𝐼𝑆𝑇𝐴𝑇
𝑗

= 𝑁𝐴𝐷𝐷,𝑚
𝐷𝑖 ,𝑗

5

𝐷𝑖=0
𝑚

+ 𝑁𝐴𝐸𝐷𝐸𝑆,𝑚
𝐷𝑖 ,𝑗

5

𝐷𝑖=0
𝑚

 (5) 

In the following, the Eq. (5) is rewritten for the m-th municipality: 
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𝑁𝐼𝑆𝑇𝐴𝑇,𝑚
𝑗

= 𝑁𝐴𝐷𝐷,𝑚
𝐷𝑖 ,𝑗

5

𝐷𝑖=0
+ 𝑁𝐴𝐸𝐷𝐸𝑆,𝑚

𝐷𝑖 ,𝑗
5

𝐷𝑖=0
 (6) 

The completion problem is addressed by determining the number of missing buildings NADD 
for the j-th analyzed structural typology and for the different damage levels Di.  
Figure 3 presents a graphical representation of Equation 6, which generally describes the 
completion problem. 

3 PROPOSED COMPLETION CRITERION 

As described in the previous section, the missing data in the completion problem are cer-
tainly distributed across different structural typologies, and they can also be subdivided based 
on the level of damage intensity. 

As for the structural typology distribution, to, it is proposed to use statistical analyses con-
ducted on the known data to estimate the buildings percentage belonging to each j-th typology 
within the m-th municipality. This approach allows for a more accurate integration of the 
missing information, ensuring a distribution consistent with the observed reality. In this study 
a partition coefficient for the j-th typology is introduced, expressed as: 

𝜆 𝑚
𝑗

= 𝑟𝑚 ∙  𝜆𝑚
𝑗

− 𝜆𝑡𝑜𝑡
𝑗

 + 𝜆𝑡𝑜𝑡
𝑗   

(7) 

where: 

Global partition coefficient by typology 𝜆𝑡𝑜𝑡
𝑗

=
𝑁𝐴𝐸𝐷𝐸𝑆

𝑗

𝑁𝐴𝐸𝐷𝐸𝑆
=

 𝑁𝐴𝐸𝐷𝐸𝑆,𝑚
𝑗

𝑚

 𝑁𝐴𝐸𝐷𝐸𝑆,𝑚𝑚

(8) 

Local distribution coefficient by typology 𝜆𝑚
𝑗

=
𝑁𝐴𝐸𝐷𝐸𝑆,𝑚

𝑗

𝑁𝐴𝐸𝐷𝐸𝑆,𝑚

The typology partition coefficient establishes a linear proportion between the global statis-
tical data of the entire buildings stock and the local data of a single municipality, by means of 
the completeness ratio rm. Thanks to this coefficient, it is possible to integrate the missing in-
formation preserving, as much as possible, the proportions of the different structural typolo-
gies present in each municipality. This approach allows for a more consistent and 
representative estimate of the actual distribution of buildings, improving the accuracy of the 
analysis. 
By introducing the typology partition coefficient , the number of missing buildings can be 
calculated as follows: 

𝑁𝐴𝐷𝐷,𝑚
𝑗

= 𝜆 𝑚
𝑗

∙ 𝑁𝐴𝐷𝐷,𝑚
𝐷𝑖

5

𝐷𝑖=0

(9) 

Currently, it is common practice to assign a null damage level (D0) to the missing data. 
Additionally, a threshold of macrosismic intensity is established, above which the data does 
not need to be completed, regardless of the calculated Completeness Ratio rm. 
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𝑁𝐴𝐷𝐷,𝑚

𝑗
= 𝑁𝐴𝐷𝐷,𝑚

𝐷0,𝑗
= 𝜆 𝑚

𝑗
∙ 𝑁𝐴𝐷𝐷,𝑚  𝑝𝑒𝑟   𝑀𝑀𝐼𝑚 < 𝑀𝑀𝐼      

𝑚

𝑁𝐴𝐷𝐷,𝑚
𝑗

= 0  𝑝𝑒𝑟   𝑀𝑀𝐼𝑚 ≥ 𝑀𝑀𝐼      
𝑚

(10) 

Moreover, in this study a damage coefficient  for the j-th typology and the Di damage 
level is introduced, dividing the number of missing buildings according to the different dam-
age level. Consequently, the Eq. 9 can be written as: 

𝑁𝐴𝐷𝐷,𝑚
𝑗

= 𝜆 𝑚
𝑗

∙ 𝑁𝐴𝐷𝐷,𝑚
𝐷𝑖

5

𝐷𝑖=0
= 𝛼𝐷𝑖

𝑗
∙ 𝜆 𝑚

𝑗
∙ 𝑁𝐴𝐷𝐷,𝑚

5

𝐷𝑖=0

(11) 

Using equation 11, it is possible to determine the number of missing buildings to be added for 
the j-th structural typology, distributed across the different damage levels, starting from the 
total number of missing buildings NADD,m and applying the two proposed allocation coeffi-
cients. 

The damage coefficient in the proposed method is expressed as a damage probability curve 
conditioned by the Macrosismic Intensity Measure (MMI) for each damage level: 

 
 

 𝛼𝐷0

𝑗
= 𝑃 𝐷0 𝑀𝑀𝐼 = 1 − 𝑃 𝐷 ≥ 𝐷1 𝑀𝑀𝐼       

𝛼𝐷𝑖

𝑗
= 𝑃 𝐷𝑖 𝑀𝑀𝐼 = 𝑃 𝐷 ≥ 𝐷𝑖 𝑀𝑀𝐼 − 𝑃 𝐷 ≥ 𝐷𝑖+1 𝑀𝑀𝐼   𝑓𝑜𝑟 𝑖 = 1 ÷ 4 

𝛼𝐷5

𝑗
= 𝑃 𝐷5 𝑀𝑀𝐼 = 𝑃 𝐷 ≥ 𝐷5 𝑀𝑀𝐼       

(12) 

where the fragility functions are derived starting from the qualitative information provided 
for each damage level by the EMS 98 [9]. 

As example, Figure 4 shows the completeness ratios rm for a set of municipalities consid-
ered for the macro-seismic analysis. The figure also reports the fragility functions derived as 
described above, and the resulting coefficient damage coefficients  for the j-th municipality. 

Figure 4: Damage coefficients - 

The method can also be applied by assuming the hypothesis that buildings not surveyed are 
undamaged and, therefore,  classified with a D0 damage level . In this case, the damage coef-
ficient is determined only for the damage level D0: 
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 𝛼𝐷0

𝑗
= 𝑃 𝐷0 𝑀𝑀𝐼 = 1 − 𝑃 𝐷 ≥ 𝐷1 𝑀𝑀𝐼   

(13) 

Consequently, the Eq. 11 can be rewritten as follows: 

  (13) 

For completeness, Figure 5 shows the completeness ratios rm for the set of municipalities con-
sidered for the macro-seismic analysis, and the damage coefficient  obtained with the Eq. 
(13). For the j-th municipality it is also highlighted the corresponding damage coefficient   

 
Figure 5: Damage coefficient -  

4 RESULTS 

In this section the empirical fragility curves for the j-th  structural typology are derived and 
compared by applying different completion methods including the proposed one. The macro-
seismic analysis is conducted by considering three databases archiving the seismic damage of 
three buildings stocks, surveyed after the seismic events of L'Aquila (2009), Emilia (2012), 
and Central Italy (2016-2017). 
At first, the completeness ratio rm  for each municipality that was struck the seismic event is 
reported. 

   
Figure 6: Completeness ratio for each municipality considered 
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The fragility curves obtained in this study refer to residential buildings made of RC  frame 
structural system, without interventions, designed and constructed before the 1980s, and iso-
lated from other buildings. 

The completion criteria considered in this study are: 
• Criterion 1: No completion to database is applied
• Criterion 2: Completion assigns to all not surveyed and undamaged buildings a D0

damage level for all MMI measures.
• Criterion 2*: Completion assigns to all not surveyed and undamaged buildings a D0

damage level for MMI measures lower than 7.5.
• Criterion 3: Database is completed  with the damage coefficient .
• Criterion 4: Database is completed  with the damage coefficient .

Table 1, 2, and 3 show the values of the fragility curve fundamental parameters, that are 
the median value θ and the logarithmic values standard deviation β. These tables report the 
values of θ and β obtained in according to the completion criteria considered, for the buildings 
stocks that suffered the seismic events of L'Aquila 2009, Emilia 2012, and Central Italy 2016-
2017, respectively. 

Criterion Criterion 
1 2 2* 3 4 1 2 2* 3 4 

Damage Level θ β 
D1 0.067 0.163 0.161 0.148 0.146 

1.602 0.786 0.787 0.795 0.833 
D2 0.386 0.337 0.336 0.339 0.331 
D3 0.868 0.504 0.503 0.510 0.513 
D4 2.369 0.837 0.837 0.848 0.884 
D5 8.923 1.635 1.637 1.667 1.800 

Table 1: Fundamental parameters derived for L’Aquila 2009 buildings stock 

Referring to the results shown in Table 1, it is observed that the fundamental parameters 
obtained for the L'Aquila 2009 earthquake database do not significantly change with the com-
pletion criterion adopted. But the values are different only in the case of Criterion 1, when no 
completion criterion is adopted. 

Criterion Criterion 
1 2 2* 3 4 1 2 2* 3 4 

Damage Level θ β 
D1 0.029 0.409 0.205 0.170 0.184 

2.534 0.873 0.587 0.720 0.656 
D2 0.851 0.698 0.328 0.417 0.330 
D3 3.667 0.994 0.451 0.651 0.481 
D4 12.596 1.401 0.611 0.904 0.680 
D5 63.415 2.240 0.900 1.376 1.049 

Table 2: Fundamental parameters derived for Emilia 2012 buildings stock 

As for the  Table 2, it is observed that the fundamental parameters obtained with the Crite-
rion 1 and Criterion 2 differ significantly from those derived with the Criterion 2*, 3, and 4. 
This suggests that the buildings stock damage database related to the 2012 Emilia earthquake 
contains many municipalities with high MMI values but with a low completeness level. This 
result demonstrates that the criterion proposed in this work, adopted in the Criterion 3 and 4 
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may significantly vary the fragility curves and in particular when the database is incomplete, 
i.e. when a low number of AeDES forms is available in the case of high MMI measures. 

Criterion Criterion 
1 2 2* 3 4 1 2 2* 3 4 

Damage Level θ β 
D1 0.001 0.181 0.166 0.153 0.118 

4.479 0.999 0.936 0.917 0.874 
D2 0.339 0.317 0.284 0.295 0.213 
D3 37.010 0.746 0.646 0.660 0.513 
D4 1639.2 1.196 1.019 1.030 0.834 
D5 812.1 2.612 2.174 2.158 1.832 

Table 3: Results fragility curves for Centro Italia 2016-2017 

As far as the Centro Italia 2016-2017 results are concerned, , it is observed that the median 
values obtained through completion Criterion 2* and 3 are quite similar (Table 3). On the oth-
er hand, the values obtained with Criterion 1 and Criterion 2 differ significantly from the oth-
ers, while those derived with the Criterion 4 tend to be slightly lower than those obtained with 
Criterion 2 and Criterion 3. 

By comparing all the results obtained with the different completion criteria considered, it is 
observed that fragility curves derived from different databases and obtained through various 
completion criteria tend to converge to similar values of the fundamental parameters. 

Figure 7: Incomplete fragility curves 

Figure 8: Completed fragility curves 
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For completeness Figure 7 Figure 8 plot the fragility curves derived for the three buildings 
stocks considered in this study without and with the completion criterion. In particular, the 
Criterion 4 is chosen. This comparison remarks that the empirical fragility curves derived 
from an incomplete database exhibit significantly different median values compared to those 
obtained from completed databases, as well as a higher dispersion. 

  
Figure 9: Comparison of median values 

In Figure 9, the percentage differences between the fragility curves median values are plot-
ted. In particular, the percentage differences are calculated for the Emilia and Central Italy 
fragility curves median values with respect to the ones derived for L’Aquila earthquake for all 
the damage levels. It is easy to observe that that the Criterion 2 differs significantly from the 
others. Furthermore, it is noted that the completion Criterion 3 and Criterion 4 yield the low-
est percentage differences, making them the most representative. 

5 CONCLUSIONS  

In this study the influence of the completion criterion in evaluating the fragility curves by 
means of a macro-seismic analysis has been investigated. 

In general, it has been observed that the empirical fragility curves derived from an incom-
plete database show median values that differ significantly from those obtained from com-
pleted databases, as well as much higher dispersions. Additionally, the fragility curves derived 
from different databases and obtained through various completion methods tend to converge 
towards similar values and exhibit lower dispersions once the data are completed, suggesting 
a higher representativeness for the analyzed structural typology. 

When comparing the different completion models, it has been noted that assigning all 
missing data to damage level D0 leads to results differing significantly from the other meth-
ods., suggesting that a criterion based on the damage distribution coefficient results more ap-
propriate. The reason why that many buildings remain unsurveyed after an earthquake is not 
solely because they appear undamaged. Also, survey complications can arise, preventing the 
completion of the AeDES form.  

This study emphasizes the importance of a proper management of the post-earthquake 
damage database completion for the correct derivation of fragility curves. The adoption of 
appropriate completion criteria, such as those based on the probability of damage conditioned 
by the macroseismic intensity (MMI), may reveal more accurate and representative for esti-
mating the seismic vulnerability and risk. 
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