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ABSTRACT: The seismic vulnerability of historical centers at a territorial scale cannot be assessed performing

detailed analysis which are usually adopted at the single building scale. In fact, a traditional complete survey
would be extremely time-consuming and not sustainable for this purpose.
The approach described in this paper is based on the idea that it is possible to infer quantities which cannot be di-
rectly detected from buildings outside inspection starting from parameters that can be measured. In order to
achieve this purpose, a Bayesian approach is applied, updating initial hypotheses when new data become available.
In this context, the procedure herein proposed aims at applying a probabilistic approach instead of a deterministic
one to define facades inter-storey height starting from buildings height knowledge. In order to validate the method,
for out of plane local mechanisms of collapse (walls overturning), horizontal loads multiplier o, values are calcu-
lated and compared to results obtained by using data collected on-site.

1 INTRODUCTION

Seismic vulnerability assessment on a territorial
scale, implicitly related to the broader issue of seis-
mic risk mitigation and reduction, is conditioned by
factors of uncertainty related to the data process, that
inevitably impact the analysis. These variabilities
are related to the nature of the approach (rapid ap-
proach), which is anyway the more functional and
adaptable procedure considering both the scale at
which the analysis is conducted (territorial scale)
and the need of time and costs limitation during sur-
vey and data processing phase.

The uncertainty of information collected during
the on-site activities, due to the execution of build-
ings surveys mainly by adopting outside inspections
and without on-site tests or investigations leads to a
low level of knowledge (DPCM 2011). Neverthe-
less, it could be regarded as entirely consistent with
the purposes of the carried out analysis. It is indeed
important to underline that the main aim of a study
on a large scale is the definition of preliminary vul-
nerability assessments for analyzed structures, ob-
taining a priority list of buildings that should be
deeper analyzed (Calvi et al., 2006). The application
of methodologies proving the vulnerability of build-
ings considering the survey uncertainty allows to
significantly extend the analysis, including buildings
characterized by lacking information about one or
more data (geometric or typological ones) (Marson

2013, Taffarel 2015). As an example, the building
total height and the size and position of walls open-
ings can usually be measured with acceptable preci-
sion even from outside, by adopting traditional or
remote sensing methods (aerial surveys). Procedures
for vulnerability assessment adopting remote sens-
ing are numerous and widely applied for both the
post-earthquake damage assessment (Dong et al.,
2013) and predictive seismic vulnerability assess-
ment (Pittore at al., 2013). At the same time, the ap-
plication of probabilistic approaches to face vulner-
ability assessment is increasing, involving the field
of both seismic events and other natural risks (Te-
baldi et al. 2004, Koutsourelakis 2010).

2 CONSIDERATIONS ABOUT THE
RELEVANCE OF THE THEME: NEW
PROVISIONS ABOUT RISK MITIGATION
MEASURES

Mitigation and reduction of seismic risk at a territo-
rial scale is a topical theme: a demonstration of this
increasing awareness is underlined by the involve-
ment of scientific and technological specialists in
this topic (ISO 13822 2001, ISO/DIS 13824 2008,
DPCM 12/10/2007, DM 14/01/2008, Circular n. 617
2009). Gradually, the growing interest is turning into
a continuous updating of scientific and technical
standards (methodologies and design practices) re-



lated to the safety of buildings subjected to seismic
actions (MIBAC 2010). The Italian Ministry of Cul-
tural Heritage reached the awareness that its in-
volvement in practices of good maintenance is es-
sential to ensure buildings structural safety. In this
context, initiatives to increase the efficiency of ac-
tivities involving the safeguard of historic architec-
tural heritage are implemented with the aim of en-
couraging the establishment of measures for the
seismic risk mitigation of historic centres in its own
central and local offices.

Among the most significant initiatives, the Circular
n. 15 “Provisions on the protection of architectural
heritage and seismic risk mitigation” (Circular n.15,
2015) provides a new incremental approach that in-
volves both the implementation of local interven-
tions on buildings improving structural safety with-
out involving sensitive additional costs and the
improvement of reliability of seismic risk maps.
Prevention is one of the main topics of the above-
mentioned circular, given the need to increase build-
ings seismic safety, which can be applied only if a
preliminary widespread and deep knowledge of
buildings vulnerabilities and possible intervention
applicable on architectural heritage can be obtained.
Buildings knowledge can only be achieved through
the systematic collection of information about them;
data can be gathered by adopting a specific form at-
tached to the circular to be completed by technicians
and practitioners when presenting practices to per-
form extraordinary maintenance or seismic im-
provement intervention on buildings (or part of
them) listed as “cultural heritage”.

A virtuous process is ongoing, considering that the
real improvement of seismic security of historic cen-
ters is only achievable by activating processes that
continuously involves all the people implicated in
the construction process (owners, designers, build-
ers, government offices, etc.).

3 DESCRIPTION  OF
APPROACH

THE BAYESIAN

In view of previous considerations, it is clear that
over the years there will be a continuous increase of
available information about historical buildings lo-
cated in the Italian territory. The need to understand
how to use this large amount of data in the best way,
by adopting procedures able to continuously update
information and at the same time to fill the gaps re-
lated to the lack of information, is extremely im-
portant (Modena 2012). It is also fundamental to re-
member that data updating can take place without
periodicity and that information could be obtained
for single buildings time after time; moreover, they
can not necessarily involve entire widespread areas
but just single buildings or part of them. The proce-

dure must guarantee the possibility of a continuous
information updating.

The methodology herein proposed allows infer-
ring quantities/data that cannot be directly detected
on site starting from parameters that can be meas-
ured. In this context, a stochastic approach is applied
instead of a deterministic one in order to provide
probabilistic vulnerability assessments on a territori-
al scale through the application of a Bayesian ap-
proach (Modena, 2014). Considering the needs es-
tablished above, the approach allows deducing
buildings unknown information starting from col-
lected certain data, updating initial probability densi-
ty functions when new data becomes available.

The method can be synthesized by applying this
simple scheme:

prior distribution —» data —» posterior distribution

This process, which provides a continuous learning
experience acquisition when new data are obtained,
is called Bayesian update.

If continuous random variables are used, Bayes the-
orem can be written as follows:

p(e)p(y10)
p(gy)zfp(ﬂ)p(ye)de (1

where:

-p(0) is the prior distribution (quantifies all in-
formation available before experimental re-
sults are observed)

-p(y|0) is the likelihood, which, as 6 varies, rep-
resents the probability of obtaining observed
experimental results

-p(@Jy) is the posterior distribution and is the re-
sult of Bayesian inference, and represents fi-
nal distribution after experimental results
have been observed.

By collecting new data, the process can be iterative-
ly repeated: the posterior distribution becomes the
new prior distribution, and a new posterior probabil-
ity density function can be obtained. This procedure
can be repeated each time new data are available.

A prior distribution can be defined as a distribution
conjugated to the adopted sample model (or equiva-
lently to likelihood) if prior and posterior distribu-
tions are characterized by the same functional form
(Liseo 2008). As an example, if a normal-inverse-
gamma distribution is chosen as prior distribution
and likelihood is a normal distribution, the resulting
posterior distribution, obtained by applying Bayes
theorem, is a normal-inverse-gamma.




4 APPLICATION OF THE APPROACH TO THE
LOCAL MECHANISMS OF COLLAPSE
ANALYSIS

The proposed method is carried out by imple-
menting the local mechanisms of collapse analyses.

In this context, it is essential to provide a general
overview of the current Italian legislation in order to
justify this application.

Circular. 617 (C8A.3), underlines that "the analy-
sis of a structural unit, according to the methods ap-
plied for isolated buildings without adequate model-
ing or with an approximate modeling of the
interaction with the adjacent buildings, assumes a
conventional meaning. Therefore, it is assumed that
the analysis of the global seismic capacity of the
structural unit can be verified by the use of simpli-
fied methods [...] ". And yet (C8.7.1.1): "For the as-
sessment of existing buildings, in addition to the
global seismic analysis to be carried out by applying
the methods prescribed by the new buildings stand-
ards [...] should be also considered the analysis of
local mechanisms of collapse. When constructions
do not show a clear global behavior, but react to an
earthquake as a set of subsystems (local mecha-
nisms), a global model has no correspondence with
the real seismic behavior." Aggregate buildings, by
their definition, are characterized by an articulated
and not unitary genesis, which usually leads them to
react to an earthquake as "a set of subsystems" (C
8.7.1.1).

Given these remarks, a study based on the analy-
sis of the local mechanisms of collapse by the im-
plementation of a probabilistic approach is undoubt-
edly significant. The out of plane local mechanisms
of collapse involve walls orthogonally stricken by a
seismic action. As an example, the definition of
buildings vulnerability with respect to these types of
mechanisms allows to identify facades facing the
road that could be submitted to collapse if an earth-
quake occurs, preventing the transit of emergency
vehicles. It is possible to establish, on the basis of
such evaluations, suitable access and escape routes.

5 THE CHOICE OF PARAMETERS

First of all, the development of the described ap-
proach and its application to the local mechanisms
of collapse analysis needs to define the parameters
to be taken into account for the analyses.
Considering the innovativeness of this approach, in
this first step the procedure is tested on simple cases.
The method refinement is going to involve more pa-
rameters allowing the approach to be closer to real
historical buildings configuration.

The study considers the analysis of freestanding
walls. Their considered geometrical and mechanical
parameters are:

- masonry properties;

- walls thickness;

- thickness variation between different floors;

- building height;

- inter-storey height;

- number of floors.
The procedure allows defining horizontal loads mul-
tiplier ay of freestanding walls, on the basis of their
thickness and inter-storey height variation.
Masonry properties are defined a priori, considering
buildings vertical structures features. Geometrical
input data treated as certain (easily identifiable) ones
are building total height and number of floors. These
data are easily available since they can be obtained
through buildings outside inspections, limiting time
and costs consuming. Such information may be
reached even eliminating the on-site survey phase:
data can be easily recovered through the use of
online maps and aero photogrammetry (Fabris
2013). Buildings observation by using online maps
allows the identification of the number of floors of
each building (Figure 1). The photogrammetry can
be used as a useful tool for the definition of build-
ings total heights. It can be obtained calculating the
difference between the roofs height and the height of
some measured points on the ground level, located
in proximity of a considered building. It is necessary
to measure multiple points on the ground floor be-
cause buildings are not on a perfectly flat soil.
Measurements should be repeated using multiple
stereo pairs averaging obtained results.

Figure 1. Example of aero photogrammetry applied to Verona
(Italy) historic center: the availability of a huge number of pic-
tures taken on parallel strips allows obtaining several points of
view of each building by limiting shadows and undercuts and
obtaining information about openings on buildings facades.



6 COMPOSITIONAL DATA

6.1 Statistical analysis

Implementation of vulnerability analyses requires
the knowledge of a series of physical quantities
which describe the behavior of buildings. Some of
these quantities are, by their nature, not precisely
controllable (material characteristics, seismic input,
etc.) and uncertainties related to their quantification
can be reduced but not eliminated. Other quantities
can be measured with sufficient precision to consid-
er them as fixed. Geometrical aspects (building
height, inter-storey height, walls thickness, position
and thickness of inner walls, etc.), even if they can
be theoretically measured with a certain level of pre-
cision, can be treated as random variables, assigning
them not a fixed value but a suitable probability
density function (PDF - Probability Density Func-
tion).
Quantities that can be considered by adopting this
approach are:

- walls thickness;

- thickness variation between different floors;

- inter-storey height.
In this paper the definition of inter-storey height
starting from the knowledge of buildings height is
described.
From a theoretical point of view, the problem could
be solved by adopting a compositional data ap-
proach (Aitchison 1982a, 1982b).

6.2 Theoretical aspects: the nature of
compositional data

There are situations in which data, even if they can
assume different values, are bound to have a certain
value as sum of their quantities. This situation is
quite frequent: for example, data which represent the
composition (compositional data) of soils, rocks or
other substances can be described as a percentage
whose sum is 100. The same situation can be ob-
served in the case of buildings, where interstorey
heights can assume different values, but their sum
must be equal to building height. In this case, the
components usually have values that are comparable
with one another, being in some cases practically
constant. It is possible to consider as an example
modern multistorey buildings, in which the above-
mentioned situation often occurs and is compliant
with requirements of construction speed, energy ef-
ficiency, optimization of space etc. A certain regu-
larity is also detectable in historical masonry build-
ings. In fact, in the case of two-storey buildings, it is
not common for the floors having different heights.
In some cases, the use of statistical approaches, that
do not recognize the compositional nature of data,
can lead to erroneous conclusions or at least approx-
imated ones.

From a theoretical point of view, the problem could
be described considering the generic composition as
an n-dimensional vector.

h=|h h, h, | 2)

where hy  hy hn represent the inter-storey
heights of a building. This vector can be standard-
ized in order to obtain that the sum of the compo-
nents is equal to 1.

X = [X1 X 2 Xn ] _ nh] nhz nhn
Shoh o 3h
1 1 1
(3)
where:

e > h; is the building height;
1

e 1 is the dimension of x vector;
e X values are positive and smaller than 1.
By adopting a further transformation:

y=ly v, o val=
ohs) o) - ol
Xn Xn Xn
which is a vector whose components assume their
values in the set of real numbers.
The generation of y values is made by assuming that
they follow normal multivariate distributions charac-
terized by (n-1) dimension, where n is the number of
floors. Parameters that describe these distributions
are easily quantifiable by means of specific software
as soon as an adequate number of information is
available.
Not being subjected to constraints, this statistical
analysis can also be used for buildings with a num-
ber of floors greater than 2. Obviously in this case a
multivariate analysis must be carried out. Looking at
(4) it is possible to notice that the size of vector y is
n-1; if analyzed buildings have more than 2 floors
(n> 2), a y vector whose dimension is bigger than 1
is the result of analysis. In this case, the application
of a multivariate analysis is necessary.
Following the steps in reverse, h; values can be de-
rived from y; values.

Xn]_[exp(yl) exp(yn—l) 1] (5)

[x1 X
exp(y,)+...+exp(y, ) +1

2

And then:

n

x]3h

1

b b=l x



6.3 An application of the compositional data

approach

A simple application of the method to buildings fa-
cades, for which the height of both building and sto-
reys is known, is herein proposed in order to demon-
strate the effectiveness of the approach.

The computational code is implemented by adopting
the software R (R DCT 2008).

The code allows estimating the storey heights of a
building starting from the knowledge of its total
height. The implementation of a Bayesian approach
is considered (Jackman 2009).

The case study considers a two-storey building in
the historic center of the city of Timisoara (Banat
region, Romania). The choice is linked to the availa-
bility of a large amount of data for the historic center
of the city, where expeditious surveys were executed
(Figure 2).

The data availability of 36 buildings having charac-
teristics which are similar to those of the studied
buildings (number of floors, type of vertical struc-
tures, etc.) allows to implement the Bayesian update.

Figure 2. Buildings belonging to Timisoara historical city cen-
tre.

The first step of the procedure requires the definition
of a prior distribution, which is obtained considering
the use of data related to a limited number of build-
ings. The prior can be described as a normal-
inverse-gamma distribution, which can be defined as
the product of an inverse gamma and a normal dis-
tribution. Effectively, the conditional distribution of
population mean p given the data and o” is normal,
and o” given the data is inverse-gamma (Hoff 2009).
The prior is defined by inserting a limited number of
samples related to the log ratio described in (4). Ob-
viously, updating the distribution by inserting a fur-
ther substantial amount of data related to other two-
storey surveyed buildings, a posterior distribution is
obtained and the shape of the obtained normal-

inverse-gamma distribution is adjusted considering
the new entered data. (Figure 3).

At this stage, it is possible to generate samples start-
ing from the conjugate posterior distribution by ap-
plying the Monte Carlo method (Gamerman 2006).
Each obtained (p, 6°) couple defines a normal distri-
bution from which the software extrapolates a value
of the log ratio; the procedure is applied as many
times as the number of required samples.

Normal-inverse-gamma distribution- Prior

Normal-inverse-gamma distribution- Posterior

o2

(b)

Figure 3. Prior (a) and posterior (b) normal-inverse-gamma
distribution. Scatterplots representing prior and posterior nor-
mal-inverse-gamma are obtained generating 1000 samples both
from the prior and the posterior by adopting the Monte Carlo
method

By way of example, it has been requested to the
software to generate 20 samples.
By applying the formula described above, obtained
log ratio are then used in order to define possible h;
values.
The method is applied to a two-storey building in
order to simplify the procedure by using a univariate
distribution.
The analyzed two-storey building is characterized
by:
-building height: 8,9 m
-ground floor inter-storey height: 4 m
-first floor inter-storey height: 4,9 m.
Building total height is inserted in the code as a
known parameter; the aim of the analysis is to obtain
inter-storey heights starting from the knowledge of
building height.
By comparing the values obtained from the imple-
mentation of R code and the real inter-storey ones, it



is possible to observe that obtained results do not
significantly differ from values surveyed on-site.
The mean value of samples is compared to the real
one. Following, geometrical data obtained by adopt-
ing R code are reported:

-ground floor inter-storey height: 4,33 m

-first floor inter-storey height: 4,57 m.
A difference of 33 cm is detectable between the
measured values and those obtained by the calcula-
tion. Considering results in view of the calculation
of 0o (and, as a consequence, in view of the imple-
mentation of local mechanisms of collapse linear
analyses), differences between each inter-storey
height are not significant.
The example is carried out considering fixed values
of walls thickness (in this case, 0,6 m for the ground
floor and 0,45 m for the first floor).
Following, the oy values obtained in the two cases
are reported:

-real case ag value: 0¢=0,049

-mean o, value by using R code: 0(p=0,055
The same procedure is then applied to the other 35
abovementioned buildings (surveyed on-site) in or-
der to compare the results in terms of height.
The difference between the obtained average values
and the real ones reaches a maximum of 59 cm;
these values are widely acceptable considering the
purpose of the analysis. As in the previous case, ay
values are calculated, showing a difference of 0,008
(0p=0,072 —real case -, 0p=0,08 — by using R code).

7 CONCLUSIONS

The method proposed in this paper describes one of
the steps of a new probabilistic approach imple-
mented by the University of Padova in order to as-
sess buildings seismic vulnerability at an urban
scale.

The application of the theory of compositional data
allows defining probabilistically floors heights start-
ing from the knowledge of buildings height.

This probabilistic approach allows calculating and
verifying local mechanisms of collapse analyses,
considering that obtained results are more precise if
incoming information are updated.

Currently the procedure is conducted taking into ac-
count a certain number of simplifications (for exam-
ple, the analyzed walls are freestanding walls), but it
can be gradually refined by including in the analysis
other geometric or typological information.

The process is at a preliminary phase, but the proce-
dure seems promising and adapts to the purposes of
a territorial scale analysis, allowing considering un-
certainties related to the collection of data or data
missing.
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