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Abstract Seismic risk evaluation of built-up areas involves analysis of the level of
earthquake hazard of the region, building vulnerability and exposure. Within this
approach that defines seismic risk, building vulnerability assessment assumes great
importance, not only because of the obvious physical consequences in the even-
tual occurrence of a seismic event, but also because it is the one of the few potential
aspects in which engineering research can intervene. In fact, rigorous vulnerability
assessment of existing buildings and the implementation of appropriate retrofit-
ting solutions can help to reduce the levels of physical damage, loss of life and the
economic impact of future seismic events. Vulnerability studies of urban centres
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should be developed with the aim of identifying building fragilities and reducing
seismic risk. As part of the rehabilitation of the historic city centre of Coimbra, a
complete identification and inspection survey of old masonry buildings has been car-
ried out. The main purpose of this research is to discuss vulnerability assessment
methodologies, particularly those of the first level, through the proposal and devel-
opment of a method previously used to determine the level of vulnerability, in the
assessment of physical damage and its relationship with seismic intensity.

Keywords Vulnerability ¢ Risk ¢ Masonry e Fragility curves ¢ Damage scenarios

1 Vulnerability Assessment and Risk Evaluation

The assessment of the vulnerability of the building stock of an urban centre is an
essential prerequisite to its seismic risk assessment. The other two ingredients are
the expected hazard over given return periods and the distribution and values of the
assets constituting the building stock. All three elements of the seismic risk assess-
ment are affected by uncertainties of aleatory nature, related to the spatial vari-
ability of the parameters involved in the assessment, and epistemic, related to the
limited capacity of the models used to capture all aspects of the seismic behaviour of
buildings and of describing them in simple terms, suitable for this type of analysis.
Hence it should always be kept in mind that the computation of a risk level is highly
probabilistic, and that to accurately represent the risk the expected values should
always be accompanied by a measure of the associated dispersion. A very prelimi-
nary estimate of the seismic capacity of the local building stock can be obtained by
consulting the requirement included in the seismic standards and code of practices
in force at the time of construction of such buildings. This information together with
a temporal and spatial record of the growth of the urban centre can provide a first
definition of classes of buildings assumed to have different capacity class by class.
This information can be obtained by looking at past and present cadastral maps with
ages of buildings and knowing the historical development and enforcement of codes
at the site. In general however for a correct assessment of the seismic risk a more
detailed inventory and classification should be considered, the extent of which is a
function of the economic and technical resources available and of the extent of the
area under investigation and the diversity within the building stock.

In the case of historic masonry buildings constituting the core of city centres
data on their structural layout and lateral capacity cannot generally be obtained
from seismic standard, as this do not include these buildings typologies. However
in the last twenty years extensive historical studies on the development of so-
called non engineered structural typologies and documentation of the associ-
ated local construction techniques have been produced in many region of Europe
exposed to significant earthquake hazard. These studies tend to provide construc-
tion details and qualitative assessment that can constitute some of the ingredients
of a more structured analytical vulnerability assessment, based on engineering
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principles. For instance a study at the urban scale can provide insight on the shape
of single buildings and aggregate and hence an understanding of the interactions
among buildings. Details on floor construction and layout, type and layout of
masonry, presence of connections among walls, can lead the seismic assessor to a
qualitative judgement of relative robustness and resilience of different construction
solutions. It is however only when these details are interpreted within a mechani-
cal framework and the relations among the parts expressed in mathematical terms
that the relevance of the various parameters to the overall seismic behaviour can
be established and the relative vulnerability of different objects quantified with
a measured level of reliability. To achieve so, such information cannot be simply
descriptive, but needs to be collected in a systematic way to be used in mathemati-
cal models. Moreover in order to correctly measure the level of uncertainty and
hence reliability of the risk assessment of a particular urban centre, the sampling
and data collection needs to follow some consistent rules.

The appropriate approach to a seismic risk assessment at territorial scale needs to
address diverse issues, to balance the relative simplicity of the analysis vis-a-vis the
variability in the building stock, so as to properly represent the diverse typologies
present and hence accurately characterise the global vulnerability and cumulative
fragility, while explicitly accounting for the uncertainties related to modelling limita-
tion, the inherent randomness of the sample, and the randomness of the response.

For ordinary buildings seismic risk assessment is typically carried out for the
performance condition of life safety and collapse prevention, related to a seismic
hazard scenario related to a 10 % probability of exceedence in 50 year or 475 year
return period. For historic buildings in city centre and in case of assets of particu-
lar value, it might be more appropriate to consider the performance condition of
damage limitation or significant damage associated to lower-intensity and shorter
return period seismic hazard. Recently has been argued by the author that for spe-
cific studies of high value historic buildings, such as the ISMEP project [1], and
where sufficient information on the seismicity of the region is available, such as
the case of Istanbul, a deterministic analysis can be used to define the hazard,
rather than the probabilistic one, and consider the most credible seismic scenario
within the set timeframe of assessment.

In the following sections of the chapter, after a review of earlier approaches
to seismic vulnerability, the derivation of fragility functions is illustrated for three
different methodologies: an empirical approach based on a modified version of the
Vulnerability Index [2], an analytical approach based on mechanical simulation
called FaMIVE [3] and a similar analytical approach for aggregates.

2 Vulnerability Assessment Methodologies

As stated in the introduction, when performing vulnerability assessment of large
numbers of buildings and over an urban centre or a region, the resources and
quantity of information required is large and thus the use of less sophisticated
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and onerous inspection and recording tools is more practical. Methodologies
for vulnerability assessment at the national scale should hence be based on few
parameters, some of an empirical nature based on knowledge of the effects of past
earthquakes, which can then be treated statistically.

In the recent past, European partnerships [4—6] constituting various work-
groups on different aspects of vulnerability assessment and earthquake risk
mitigation have defined, particularly for the former, methodologies that are
grouped into essentially three categories in terms of their level of detail, scale of
evaluation and use of data (first, second and third level approaches). First level
approaches use a considerable amount of qualitative information and are ideal
for the development of seismic vulnerability assessment for large scale analysis.
Second level approaches are based on mechanical models and rely on a higher
quality of information (geometrical and mechanical) regarding building stock.
The third level involves the use of numerical modelling techniques that require a
complete and rigorous survey of individual buildings. The definition and nature
of the approach (qualitative and quantitative) naturally condition the formulation
of the methodologies and the level at which the evaluation is conducted, from the
expedite evaluation of buildings based on visual observation to the most complex
numerical modelling of single buildings (see Fig. 1).

A most important criterion of distinguishing vulnerability approaches for
historic buildings, is whether the method is purely empirical, i.e. based on obser-
vation and record of damage in past earthquake, from which a correlation between
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Fig. 1 Analytical techniques used at different evaluation scales
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building typologies and damage level given a seismic intensity level can be
derived, or analytical, where a model of a representative building for a typology
is defined, and the response of such model to expected shaking intensities is com-
puted. The first approach is particularly suited to historic city centres where a
record of past earthquakes is available and damage to the building has been col-
lected systematically over a number of events. This is for instance the case of the
GNDT-AEDES approach developed in Italy over several decades from the earth-
quake in Friuli onwards [7]. The second approach is suitable to areas for which
construction details are recorded and well understood, there might be some experi-
mental work available to characterise their mechanical behaviour, there is some
record of damage to calibrate the procedure, but most importantly they are suit-
able to be used to produce scenarios for future event and help define strengthening
strategies, at the level of the single building, urban block, district or entire city [4].

A third approach is the heuristic or expert opinion approach by which vulner-
ability is attributed to building typologies by a panel of experts elicited to perform
an assessment based on a common set of information and their previous knowl-
edge. An example of such approach is the development of the vulnerability classes
defined within the European Macroseismic Scale EMS-98 [8]. To the above three
approaches a fourth, hybrid, can be added.

Following the first example of such classification developed by [8] and refined
by [9], vulnerability approaches can also be grouped in direct and indirect. A
brief review of the most significant approaches in each group is included in the
reminder of this section.

Direct techniques use only one step to estimate the damage caused to a structure
by an earthquake, employing two types of methods; typological and mechanical:

Typological methods—classify buildings into classes depending on materials,
construction techniques, structural features and other factors influencing building
response. Vulnerability is defined as the probability of a structure to suffer a certain
level of damage for a defined seismic intensity. Evaluation of damage probability
is based on observed and recorded damage after previous earthquakes and also on
expert knowledge. Results obtained using this method must be considered in terms
of their statistical accuracy, since they are based on simple field investigation. In
effect the results are valid only for the area assessed, or for other areas of similar
construction typology and equal level of seismic hazard. Examples of this method
are the vulnerability functions or Damage Probability Matrices (DPM) developed
by [9], in which a matrix for each building type or vulnerability class is defined that
directly correlates seismic intensity with probable level of damage suffered.

Mechanical methods—predict the seismic effect on the structure through the use
of an appropriate mechanical model, which may be more or less complex, of the
whole building or of an individual structural element. Methods based on simpli-
fied mechanical models are more suitable for the analysis of a large number of
buildings as require only a few input parameters, modest computing burden and
can lead to reliable quantitative evaluations. A commonly used method belonging
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to this group is the limit state method, based on limit state analysis (displacement
capacity and demand) [10] applied this method to the analysis of the historic city
centre of Catania considering only in plane mechanisms. The FAMIVE method
[11] is a more holistic and reliable mechanically-based method, considering a
suite of different mechanisms directly correlated to structural and constructional
features. More sophisticated methods are generally used to evaluate single struc-
tures at a higher level of detail (in terms of building structure and construction)
and are based on more refined modelling techniques. The analytical procedure for
this type of method can involve non-linear static push over analysis such as the
methodologies at [12, 13] and Capacity Spectrum Method (CSM) [14]. Examples
of CSM application are provided in Sects. 3.2 and 3.3.

Indirect techniques initially involve the determination of a vulnerability index,
followed by establishment of the relationships between damage and seismic inten-
sity, supported by statistical studies of post-earthquake damage data. This form of
evaluation is used extensively in the analysis of vulnerability on a wide scale. Of
the various techniques currently available, the methodology initially developed
by GNDT in the 1980s has undergone various modification and applications, for
example Catania in 1999 and Molise in 2001 [7]. The method involves the deter-
mination of a building vulnerability classification system (vulnerability index)
based on observation of physical construction and structural characteristics. Each
building is classified in terms of a vulnerability index related to a damage grade
determined via the use of vulnerability functions. These functions enable the for-
mulation, of the damage suffered by buildings for each level of seismic intensity
(or peak ground acceleration, PGA) and vulnerability index. These types of meth-
ods use extensive databases of building characteristics (typological and mechani-
cal properties) and rely on observed damage after previous earthquakes to classify
vulnerability, based on a score assignment. The rapid screening ATC-21 technique
(1988) is extensively used in the U.S. to obtain such a vulnerability score [15]. An
example of application of GNDT approach is shown in Sect. 3.1

Conventional techniques are essentially heuristic, introducing a vulnerability index
for the prediction of the level of damage. There are essentially two types of approach:
those that qualify the different physical characteristics of structures empirically and
those based on the criteria defined in seismic design standards for structures, eval-
uating the capacity-demand relationship of buildings. ATC-13 [16], the best known
of the first type, defines damage probability matrices for 78 classes of structure, 40
of which refer to buildings. Uncertainty is treated explicitly through a probabilistic
approach. The HAZUS methods [17] belongs to the second type, providing param-
eters for capacity curves and damage through the CSM approach. Damage level are
derived heuristically for 36 building classes [18]. For each construction type and level
of earthquake-resistant design, the capacity of the structure, spectral displacement
and inter-story drift limit are defined for different levels of damage.

Hybrid techniques combine features of the methods described previously, such
as vulnerability functions based on observed vulnerability and expert judgment, in
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Fig. 2 Database and GIS framework (from [20])

which vulnerability is based on the vulnerability classes defined in the European
Macroseismic Scale, EMS-98 [8]. This is the case in the Macroseimic Method
devised by [19], which combines the characteristics of typological and indirect
methods using the vulnerability classes defined in the EMS-98 scale and a vulner-
ability index improved by the use of modification factors.

For a robust decision making process following a risk analysis of a region it
is essential to visualise and interpret the results considering their spatial distribu-
tion. The use of relational database within a GIS environment, allows to manage
data regarding historic building stock characteristics, conservation requirements,
seismic vulnerability, damage and loss scenarios, cost estimation and conduct risk-
impact assessment.

Figure 2 represents such an application. Such platforms allow visualising
both collected data and damage distributions for different hazard scenarios, and
depending on the resolutions results can be mapped down to a single building.

3 Vulnerability of Historic Masonry Buildings

3.1 Empirical Approach

Historic masonry buildings do not have adequate seismic capacity and conse-
quently require special attention due to their incalculable historical, cultural and
architectural value. The amount of resources spent on their vulnerability assess-
ment and structural safety evaluation is justifiable, since not only does a first level
assessment [21, 22] include building inspection, but also can help in the identi-
fication of building for which a more detailed assessment is required, as well as
the definition of priorities for both retrofitting and in support of earthquake risk
management [23]. The definition and validation of a scoring method for the urban
scale assessment of historic building is described in this section.
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The methodology presented here can be classified as a hybrid technique. The
vulnerability index formulation proposed is based essentially on the GNDT Level
IT approach [7] based on post-seismic damage observation and survey data cov-
ering a vast area, focussing on the most important parameters affecting building
damage which must be surveyed individually.

Overall vulnerability is calculated as the weighted sum of 14 parameters (see
Table 1) used in the formulation of the seismic vulnerability index. These param-
eters are related to four classes of increasing vulnerability: A, B, C and D. Each
parameter represents a building feature influencing building response to seismic
activity. A weight pi is assigned to each parameter, ranging from 0.50 for the less
important parameters (in terms of structural vulnerability) up to 1.5 for the most
important (for example parameter P3 represents conventional strength) as shown
in Table 1. The vulnerability index obtained as the weighted sum of the 14 param-
eters initially ranges between 0 and 650, with the value then normalised to fall
within the range 0 < I, < 100. The calculated vulnerability index can then be used
to estimate building damage due to a seismic event of given intensity.

This procedure has been used in Italy for the last 25 years and was later adapted
by [24] for Portuguese masonry buildings and improved by: (i) introducing a
more detailed analysis based on better data on the building stock; (ii) clarifying
the definition of some of the most important parameters; and (iii) introducing new
parameters that take into account the interaction between buildings (structural
aggregates) and other overlooked building features. The addition of parameters
P5, P7 and P10 provides: the height of the building (P5); the interaction between
contiguous buildings (P7)—a very important feature when assessing buildings in
urban areas; and the alignment of wall fagade openings which affects the load path
and load bearing capacity (P10).

The 14 parameters are arranged into four groups, as shown in Table 1, in
order to emphasise their differences and relative importance (see [24]). The
first group includes parameters P1 and P2 characterising the building resisting
system, the type and quality of masonry, through the material (size, shape and
stone type), masonry fabric, arrangement and quality of connections between
walls; P3 roughly estimates the shear strength capacity; P4 evaluates the potential
risk of out-of-plane collapse, P5 evaluate the height and P6 the foundation soil. The
second group of parameters is mainly focused on the relative location of a building
in the area as a whole and on its interaction with other buildings (parameter P7).
This feature, not considered in other methodologies, is extremely important, since
the seismic response of a group of buildings is rather different to the response of
a single building. Parameters P8 and P9 evaluate irregularity in plan and height,
while parameter P10 identifies the relative location of openings, which is impor-
tant in terms of the load path. The third group of parameters, which includes P11
and P12, evaluates horizontal structural systems, namely the type of connection
of the timber floors and the thrust of pitched roofing systems. Finally, P13 evalu-
ates structural fragilities and conservation level of the building, while P14 meas-
ures the negative influence of non-structural elements with poor connections to the
main structural system. As can be seen in Table 1, among all parameters, P3, P5
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and P7 have the highest weight values (p;) in the vulnerability index. On the other
hand, parameter P2, P11, 12 and P13 are those whose increase could be defined as
representing a strengthening action (masonry consolidation, timber floor stiffening,
retrofitting of trussed roofing systems, effective connection between horizontal and
vertical structural elements and building maintenance strategy).

The definition of each parameter weight is a major source of uncertainty as it
is based on expert opinion. Consequently in order for the results to be accurately
interpreted statistically, upper and lower bounds of the vulnerability index, /, were
defined. This method can be considered robust when two conditions are verified:
(1) the inspection of the majority of buildings under analysis was carried out in
detail; and (ii) accurate geometrical information was available. A confidence level
indicator is associated with each parameter, so that the vulnerability index is also
coupled to a confidence level rating.

To resolve the conflict of a detailed inspection versus a large number of build-
ing to be inspected in an urban area a strategy is chosen to undertake a vulnerability
assessment in two phases: in the first phase, an evaluation of vulnerability index, 1,
is made for those buildings for which detailed information is available—geometrical
and morphological information, blue prints, survey sheets, etc. -; in the second phase
a more expeditious approach is adopted, based on the mean values obtained from the
first phase. The underlying assumption is that masonry building characteristics are
homogeneous in the region under study. The mean vulnerability index value obtained
for all masonry buildings in the first detailed evaluation is used as vulnerability index
for a typology, to be weighed by modifiers for each building. Classification of these
modifiers will affect the total vulnerability index computed in Table 1 as sum of all
the weighed parameters, some of which act as modifiers of the mean score.

Table 2 presents the seven modifier parameters and their scores in relation to
the average vulnerability value for each parameter. The vulnerability index, I,,
is defined according to the sum of the modifier parameter scores for each non-
detailed assessment.

Table 2 Vulnerability modifier factors and scores

Vulnerability classes, cy; Modified score:
Vulnerability modifiers A B C D pi _
7 X (Cyi — Cvi)
P5  Number of floors —4.1 -3.1 0.0 6.2 i1 Pi
P6 Location and soil conditions —0.5 0.0 1.6 4.7 pi: parameter, i,
P7 Aggregate position and -1.0 0.0 3.1 9.3 ) )
interaction v&;elght assigned
P8 Plan configuration -21 —16 0.0 3.1 > pi sum of
P9 Regularity in height —2.1 —1.8 0.0 3.1 i=l1 . ioht
P12 Roofing system 28 -21 00 41 parameter weights
P13 Fragilities and conservation —2.8 —2.1 0.0 4.1 c¢yi- modifier factor
state vulnerability class

Maximum modifier range, > Al, —15.3 —10.3 4.7 347 _
cyit average vulner-

ability class of
parameter i
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The scores for each parameter are defined with respect to the average value
of that parameter obtained for the mean value of the vulnerability index and the
weight of each parameter in the overall definition. For example, as the mean
vulnerability class value for parameter P8 (plan configuration) obtained by the
detailed assessment is taken as that of class C, the modifier scores are computed
with respect to this average value. The final vulnerability is defined as:

L=T+Y Al (1)

where 7, is the final vulnerability index, I, is the average vulnerability index from
the detailed assessment and Y Al is the sum of the modified scores.

It is then possible to estimate damage associated with a certain level of seis-
mic intensity, /, described in terms of macroseismic intensity [8]. The validation
of this vulnerability index method was carried out by [21] through correlation
between the GNDT II method [2] and the EMS-98 Macroseismic Scale, as indi-
cated in [20]. On the basis of the EMS-98 scale damage definitions it is possible
to derive damage probability matrices for each of the defined vulnerability classes
(A-F). Through numerical interpretation of the linguistic definitions, Few, Many
and Most, complete Damage Probability Matrices (DPM) for every vulnerability
class may be obtained. Having solved the incompleteness using probability the-
ory, the ambiguity and overlap of the linguistic definitions is then tackled using
fuzzy set theory [25], by deriving, for each building typology and vulnerability
class, upper and lower limits for the correlation between macroseismic intensity
and mean damage grade.

For the operational implementation of the methodology, an analytical expres-
sion is proposed [26] which correlates hazard with the mean damage grade
(0 < up < 5) of the damage distribution (discrete beta distribution) in terms of the
vulnerability value, as shown in Eq. 2.

I14+625xV —127
Q

;LD=2.5+3xtanh( ) x f(V,I) )

where [ is the seismic hazard described in terms of macroseismic intensity, V
the vulnerability index as calculated by [20], Q a ductility factor and f(V, I) is a
function of the vulnerability index and intensity. The latter is introduced in order
to understand the trend of numerical vulnerability curves derived from EMS-98
DPMs for lower values of the intensity grades (/ =V and VI) where:

e¥x(1-7 [ <7

1 I>7 )

fV,]) =

This analytical expression derives from the interpolation of vulnerability curves
calculated from the completed DPMs, as suggested in the EMS-98 scale. Used to
estimate physical damage, this mathematical formulation is based on work previ-
ously proposed by [27]. The vulnerability index, V, determines the position of the
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curve, while the ductility factor, Q, determines the slope of the vulnerability func-
tion (rate of damage increases with rising intensity). Regression analysis and para-
metric studies performed by [27] lead to a mean value of O = 3.0 being suggested
for masonry buildings of fairly ductile behaviour.

Based on the comparison between both the methods (see [21]), the following
analytical expression for the vulnerability index, V, was derived:

V =0.56 4 0.0064 x I, “)

Via this relationship, the vulnerability index, Iy, can be transformed into the
vulnerability index, V (used in the Macroseismic Method), enabling the calcula-
tion of the mean damage grade through Eq. 2 and subsequently the estimation of
damage and loss. For those buildings where detailed evaluation was not carried
out, the mean vulnerability index can be defined as a function of the vulnerability
classes defined in terms of the EMS-98 scale. In this case, the modifier parameters
can also be expressed in vulnerability index V format, taking into account the I,
values re-defined in Eq. 4.

Once vulnerability has been defined, the mean damage grade, wp, can be cal-
culated for different macroseismic intensities, using Eq. 2. Figure 3 shows one
example of vulnerability curves for a mean value of vulnerability index, I, mean,
as well as for the upper and lower bound ranges (I, mean — 201 Lymean — 101,
Lymean + 10w, Lymean + 201,). From these mean damage grade values, up, dif-
ferent damage distribution histograms for events of varying seismic intensity and
their respective vulnerability index values can be defined, using a probabilistic
approach. The most commonly-applied methods are based on the binomial prob-
ability mass function and the beta probability density function.

Vulnerability curves

4 4
2
)
=}
g3
)
g 1,-18.74 (-20)
g = —dr— | =25.77 {-10)
g v
b — Ly mean=32,81
1 -+
= [ ,=39.84 (+10)
== 1,-53.18 (+20)
0 ; ; ; ; . ;
5 6 7 8 9 10 11 12
| (EMS-98)

Fig. 3 Example of vulnerability curves for an old building stock
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C n! k n—k .

The damage distribution fits to a beta distribution function, where ¢ and r are
geometric parameters associated with the damage distribution. Research carried
out by [25] shows that the beta distribution is the most versatile, as variation of ¢
and r enables the fitting of both very narrow and broad damage distributions. This
continuous beta probability density function in which I"is the known gamma func-
tion is expressed as:

@) (x — a)rfl b — x)tfrfl
INGINGEE) (6)

ca<x<bya=0;b=5

PMF : pg (x) =

Assuming that a = 0 and b = 5, it can then be simplified to:

PMF : P (x) = k(t,r) x X x (5-— x)t—r—l A

where for a continuous variable x, the variance (62) and the mean value (i) of the
values are related to ¢ and r as defined below:

f= x5 — 1x)

P , 3
r= t.% )

The discrete distribution of the probability associated with each damage grade, Dy,
with k£ € [0,5], is defined as:

0.5
P(Do) =p(O) = [ k(tr)-x' 5 —x)"dx
0
k—0.5
P(Dy) =pk)= [ k(tr)-x""'(S—x)"""dx (10)
k—0

P(Ds) =p(5) = [ kitr) ' (5 — )" du
4.5

For the definition of parameters ¢ and r in the beta discrete distribution, the
numerical damage distributions derived from the EMS-98 scale [26] can be used.
The reduced variation obtained for parameter t in the numerical damage distribu-
tions justifies the adoption of a unique value of 7 (equal to 8) with which to repre-
sent the variance of all possible damage distributions. Based on this assumption, it
is then possible to define the damage distributions exclusively through use of the
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average value up, characterized by variance coherent with that found via comple-
tion of the EMS-98 DPM’s.

“D
r=8- 5 (11)
Figure 4 presents examples of damage distributions obtained through use of the
beta probability distribution (t = 8; a = 0; b = 5) for events of different seismic
intensity and the mean value of the building vulnerability index (/, = 32.88).
Another method of representing damage using damage distribution histograms
involves the use of fragility curves. Here the probability of exceeding a certain
damage grade or state, Dy (k € [0,5]) is obtained directly from the physical build-
ing damage distributions derived from the beta probability function for a deter-
mined building typology. Just like the vulnerability curves, fragility curves define
the relationship between earthquake intensity and damage in terms of the condi-
tional cumulative probability of reaching a certain damage state. Probability his-
tograms of a certain damage grade, P(Dy = d), are derived from the difference of
cumulative probabilities:

P(Dy=d) = Pp[Dy >d] — Pp[Diy1 >d] (12)

Fragility curves are influenced by the parameters of the beta distribution func-
tion and allow for the estimation of damage as a continuous probability function.
Figure 5 shows fragility curves corresponding to the damage distribution histo-
grams of the mean vulnerability index value (/,) as well as of the mean value plus
one standard deviation (I, + op,).

The next step in a risk assessment process is the estimation of losses. Loss
estimation models can also be based on damage grades and involve correlating
the probability of the occurrence of a certain damage level with the probabil-
ity of building collapse and loss of functionality. The most frequently employed
approaches are those based on observed damage data, such as the one proposed
in [17] or that of the Italian National Seismic Survey. The latter was based on
work by [28] which involved the analysis of data associated with the probability of
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Fig. 4 Discrete damage distribution histograms for /, = 32.88: a I(EMS-98) = VIII;
b I(EMS-98) = IX
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Fig. 5 From left to right: examples of fragility curves for 7, and I, + op,

buildings to be deemed unusable after minor and moderate earthquakes. Although
such events produce lower levels of structural and non-structural damage, higher
mean damage values may occur which are associated with a higher probability of
building collapse.

The probability of the occurrence of each damage grade is multiplied by a fac-
tor. This range from O to 1 and differs from proposal to proposal, based on sta-
tistical correlation. In Italy, data processing undertaken by [28] enabled the
establishment of these weighted factors and respective expressions for their use in
the estimation of building loss. For the analysis of collapsed and unusable build-
ings the following equations have been derived:

Peoltapse = P(Ds) (13)
Punusable buildings = P (D3) x Wub,3 + P(Dy4) X Wub,4 (14)

where P(Dy) is the probability of the occurrence of a certain level of damage (D
to Ds) and W, 3, Wyp 4 are weights indicating the percentage of buildings associ-
ated with the damage level Dy, that have suffered collapse or that are considered
unusable. The values of the weighting factors presented in the SSN [28] and [17]
are slightly different. The weights: W53 = 0.4; W4 = 0.6; can be used for the
evaluation of stone masonry buildings.

Figure 6 shows an example of probability curves which describe the results
of building collapse and unusable building estimations for the mean value of
the vulnerability index (/,) as well as for other values of vulnerability, namely:
(Lyymean — 20105 Lymean — 101, Lymean + 101, Lymean + 201).

One of the most serious consequences of an earthquake is the loss of human
life and thus one of the major goals of risk mitigation strategies is ensuring human
safety. Over the last hundred years the world has been struck by more than 1,250
strong earthquakes and over 1.5 million people have died as a consequence [29].
However official numbers are not always accurate and the actual totals may be
much higher. Of the various casualty rate analyses and correlation laws found in
the literature, those developed by [1, 29-31] are the most frequently cited.
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Fig. 6 Estimate of the collapsed and unusable buildings for different vulnerability values

Once again the Italian proposal [28] is presented here for consistency with
the loss assessment procedure. The rate of dead and severely injured is projected
as being 30 % of the residents living in collapsed and unusable buildings, with
the survivors assumed to require short term shelter. Casualty (dead and severely
injured) and homelessness rates are determined via Egs. 15 and 16 respectively.

Picad ana severely injured = 0.3 x P(Ds) (15)

Phometess = P (D3) x Wyp3 + P(Dg) X Wypa + P(Ds) x 0.7 (16)

These two indicators are of great interest for risk management. Following
the same logic, Fig. 7 shows an estimation of the numbers of dead, severely
injured and homeless for the mean value of the vulnerability index (/,), as well
as for other vulnerability values (I, mean — 201 Lymean — 101 Lymean + 101
Ly mean + 2071,).

Finally, the estimated damage grade can be interpreted economically, as defined
by [2], i.e. the ratio between the repair cost and the replacement cost (building
value). The correlation between damage grades and the repair and rebuilding costs
are obtained by processing of post-earthquake damage data. As shown in Table 3,
a variety of correlations are found in literature.

The most reasonable relationship, as confirmed by the post-seismic investiga-
tion of [32], is that which assumes a similar value of the damage index for damage
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Fig. 7 Estimation of homeless and casualty rate for different values of vulnerability
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Table 3 Correlation between damage levels and damage index

Damage grade, Dy 0 1 2 3 4 5

[28] 0.000 0.010 0.100 0.350 0.750 1.000
[16] 0.000 0.050 0.200 0.550 0.900 1.000
[31] 0.005 0.035 0.145 0.305 0.800 0.950

grade 4 and 5 and a greater difference between the damage index for the lower
damage grades of 1 and 2. The values obtained by [16] and [31] are in agreement
with these criteria. The statistical values obtained by these authors were derived
from analysis of the data collected, using the GNDT-SSN procedure, after the
Umbria-Marche (1997) and the Pollino (1998) earthquakes [31], and based on the
estimated cost of typical repairs for more than 50,000 buildings.

The probabilities of the repair costs are defined as the product of the following
two probabilities: The conditional probability of the repair cost for each damage
level, P[R|Dy], expressed by the values presented in Table 3, and the known condi-
tional probability of the damage condition for each level of building vulnerability
and seismic intensity, P[Dy |v, I], given by:

5 100
Prob[R[I1= > > Prob[R|Dy] x Prob|Di|I,.I] (17)
Dy—1 1,=0

These values should be calculated for both the mean vulnerability index value and
the lower and upper bound values (Iymean — 201 Lymean — 101 Lymean + 1071,
I, mean + 20p,). Note that according to this methodology, for seismic events of
intensity in the range of V-IX the variation between estimated minimum and max-
imum repair cost is significant. For higher earthquake intensities, the difference
is much smaller as a result of the high damage levels caused by severe seismic
events.

3.2 Analytical Mechanical Approach: FaMIVE

The seismic vulnerability assessment of unreinforced masonry or adobe his-
toric buildings can be performed with the Failure Mechanisms Identification and
Vulnerability Evaluation (FaMIVE) analytical method, developed in [3, 33]. The
FaMIVE method uses a nonlinear pseudo-static structural analysis with a degrad-
ing pushover curve to estimate the performance points by way of a variant of the
N2 method [14], included in EC8 part 3 [34]. It yields as output collapse multi-
pliers which identify the occurrence of possible different mechanisms for a given
masonry construction typology, given certain structural characteristics.

Developed over the last decade, it is based on a suite of 12 possible failure
mechanisms directly correlated to in situ observed damage [33, 35, 36] and labora-
tory experimental validation [37] as shown in Fig. 8.
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Fig. 8 Mechanisms for computation of limit lateral capacity of masonry fagades

Each mode of failure corresponds to different constraints conditions between
the facade and the rest of the structure, hence a collapse mechanism can be univo-
cally defined and its collapse load factor computed. As shown in the flowchart of
Fig. 9 the programme FaMIVE, first calculates the collapse load factor for each
facade in a building, then taking into account geometric and structural character-
istics and constraints, identifies the one which is most likely to occur considering
the combination of the largest portion mobilised with the lowest collapse load fac-
tor at building level.

The FaMIVE algorithm produces vulnerability functions in terms of ulti-
mate lateral capacity for different building typologies and quantifies the effect of
strengthening and repair intervention on reduction of vulnerability. In its latest
version it also computes capacity curves, performance points and outputs fragility
curves for different seismic scenarios in terms of intermediate and ultimate dis-
placements or ultimate acceleration. Within the FaMIVE database capacity curves
and fragility functions are available for various unreinforced masonry typologies,
from adobe to concrete blocks, for a number of reference typologies studied at
sites in Italy [33, 36], Spain, Slovenia [38], Turkey [1], Nepal, India, Iran and Iraq.
The procedure has been validated against the EMS-98 vulnerability classes [8, 26]
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Fig. 9 Flowchart setting out the rationale of the FAMIVE Procedure

and recently used to produce capacity curves and fragility curves for use in the
USGS PAGER environment [39, 40].

The mechanism’s characteristics are used to derive an equivalent non-linear sin-
gle degree of freedom capacity curve to be compared to a spectrum demand curve,
and eventually define performance points as illustrated in the flowchart in.

3.2.1 Definition of Damage Limit States and Damage Thresholds

In order to derive fragility curves the next step consist of defining limit state
performance criteria to be correlated to damage states. This step is fraught with
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uncertainties, as very limited consolidate evidence exist to perform such corre-
lation over a wide range of building typologies and shaking levels. While robust
database of damage states exist in literature no attempt has been so far made to
record permanent drift and corresponding ground shaking in a consistent way, so
as to provide empirical evidence for capacity curves. As an alternative, a number
of authors have worked on correlating performance indicator and damage indica-
tor on experimentally obtained capacity curves, by way of shaking table tests or
push-over tests [41, 42]. The major limitation of these tests have been carried out
focusing only on the capacity of in-plane walls, while very limited experimen-
tal work has been conducted on the characterisation of out-of-plane capacity for
URM [43] have considered the out-of-plane failure of URM bearing walls con-
strained by flexible diaphragm, however the support conditions predefine the fail-
ure mode with three horizontal cylindrical hinges, already highlighted by [44], and
rather different from on site and laboratory observation collected by [45]. A test-
ing scheme more informed by observation of post-earthquake damage in existing
masonry structures is the one devised by [46], however by predefining a state of
damage the mechanism is also predefined.

Table 4 compares ranges for drift limit states as average from experimental
literature, with the EC8 [34] provision for URM for the damage limit states of
Significant damage and Near Collapse. The EC8 values relate to the in-plane
failure of single pier elements, either with prevalent shear or flexural behav-
iour, while there is no indication for out of plane behaviour. In Table 4 are also
included the range of values of performance drift obtained with the FaMIVE
simulations for over 1000 cases as obtained from ten different sites for any type
of masonry fabric and floor structure. The next section explains in detail how in
the FAMIVE procedure the capacity curves are derived and the drift limit states
computed.

Table 4 Performance drift value for damage limit states

Damage Significant
limitation damage Near Collapse ~ Collapse
Limit state (%) (%) (%) (%)
In-plane EC 8 Part 3 0.4-0.6 0.53-0.8
prevalent  Experimental — 0.18-0.23 0.65-0.90 1.23-1.92 2.1-2.8
behaviour  FaMIVE 0.023-0.132  0.069-0.679  0.990-1.579 1.801-2.547
Out-of-plane  EC8 Part 3 0.8-1.2 1.06-1.60
prevalent (Ho/D) (Ho/D)
behaviour  Experimental  0.33 0.88 2.3 4.8
FaMIVE 0.263-0.691 0.841-1.580 1.266-1.961  2.167-5.562
Combined FaMIVE 0.030-0.168  0.181-0.582  0.724-1.401 1.114-3.307

prevalent
behaviour
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3.2.2 Derivation of Capacity Curves

Capacity curves can be derived for each facade on the basis of the following steps.
The first step is to calculate the lateral effective stiffness for each wall and its trib-
utary mass. The effective stiffness for a wall is calculated on the basis of the type
of mechanism attained, the geometry of the wall and layout of opening, the con-
straints to other walls and floors and the portion of other walls involved in the
mechanism:

Eilsr LK EiAcry

Hyy Heyy

Kery = Ki (18)

where H,y is the height of the portion involved in the mechanism, E; is the esti-
mated modulus of the masonry as it can be obtained from experimental litera-
ture for different masonry typologies, I, and A,y are the second moment of area
and the cross sectional area, calculated taking into account extent and position
of openings and variation of thickness over height, k; and k; are constants which
assume different values depending on edge constraints and whether shear and flex-
ural stiffness are relevant for the specific mechanism.

The tributary mass 2.5 is calculated following the same approach and it
includes the portion of the elevation activated by the mechanisms plus the mass of
the horizontal structures involved in the mechanism:

Qe = Verfém +Qr + Q, (19)

where V. is the solid volume of the portion of wall involved in the mechanism,
dm 18 the density of the masonry Q r,(), are the masses of the horizontal structures
involved in the mechanism. Effective mass and effective stiffness are used to cal-
culate a natural period Tz, which characterise an equivalent single degree of free-
dom (SDoF) oscillator:

Q .
T,pp =2m | =L (20)
Kery

The mass is applied at the height of the centre of gravity of the collapsing por-
tion with respect to the ground and a linear acceleration distribution over the wall
height is assumed. The elastic limit acceleration Ay is identified as the combination
of lateral and gravitational load that will cause a triangular distribution of com-
pression stresses at the base of the overturning portion, just before the onset of
partialisation:

t2 . . .
Ay = % g With corresponding displacement

A
Ay = E};Teff (21)
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where, f, is the effective thickness of the wall at the base of the overturning por-
tion, h, is the height to the ground of the centre of mass of the overturning portion,
and 7 the natural period of the equivalent single degree of freedom (SDF) oscilla-
tor. The maximum lateral capacity A, is defined as:

A= (22)

o]

where A, is the load factor of the collapse mechanism chosen, calculated by
FaMIVE, and «; is the proportion of total mass participating to the mechanism.
This is calculated as the ratio of the mass of the facade and sides or internal walls
and floor involved in the mechanism 2., to the total mass of the involved mac-
roelements (walls, floors, and roof). The displacement corresponding to the peak
lateral force, A, is

3A, < A, < 6A, (23)

as suggested by [47]. The range in Eq. (22) is useful to characterize masonry fab-
ric of variable regularity and its integrity at ultimate conditions, with the lower
bound better describing the behavior of adobe, rubble stone and brickwork in mud
mortar, while the upper bound can be used for massive stone, brickwork set in
lime or cement mortar and concrete blockwork.

Finally the near collapse condition is determined by the displacement A,
identified by the condition of loss of vertical equilibrium which, for overturning
mechanisms, can be computed as a lateral displacement at the top or for in plane
mechanism by the loss of overlap of two units in successive courses:

Ape = tp/3 or Ape=1/3 (24)

where 13, is the thickness at the base of the overturning portion and [ is the typical
length of units forming the wall. In the case of in-plane mechanism the geometric
parameter used for the elastic limit is, rather than the wall thickness, the width of
the slender pier.

The thresholds points identified by Egs. (20)—(23) can be associated to corre-
sponding states of damage. Specifically DL, damage limitation, corresponds to the
elastic lateral capacity threshold (Dy, Ay) defined by Eq. (20), SD, significant dam-
age, corresponds to the peak capacity threshold (A, A,) defined by Eqgs. (21) and
(22), and NC, near collapse, corresponds to incipient or partial collapse threshold
(Apc Ay) defined by Eq. (23).

The procedure’s approach also allows a direct analysis of the influence of dif-
ferent parameters on the resulting capacity curves, whether these are geometrical,
mechanical or structural. By way of example Fig. 10 shows a comparison of aver-
age capacity curves grouping the results by different criteria for the same sample
of buildings. In Fig. 10 the average curves are obtained by considering whether
failure occurs by out-of-plane, in-plane or combined mechanism involving both
sets of walls as presented in Fig. 8. In Fig. 11 the capacity curves are obtained by
considering different structural typologies, as classified by the WHE-PAGER pro-
ject [48] and shown in Table 5. It can be seen that the correlation between mode
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Fig. 10 Average capacity
curves for sample grouped by
collapse mechanism classes

Fig. 11 Average capacity
curves for sample grouped by
structural typology
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Table 5 Structural typologies classification according to PAGER [48]

PAGER
Load bearing structure
material code Description
Stone Masonry  RS3 Local field stones with lime mortar

RS4
DS2
DS3
DS4

MS
Brickwork or UFBI1
blockwork UFB3
UFB4
UFB5

UCB

Local field stones with cement mortar, vaulted brick roof and floors

Rectangular cut stone masonry block with lime mortar

Rectangular cut stone masonry block with cement mortar

Rectangular cut stone masonry block with reinforced concrete
floors and roof

Massive stone masonry in lime or cement mortar

Unreinforced brick masonry in mud mortar without timber posts

Unreinforced brick masonry in lime mortar. Timber flooring

Unreinforced fired brick masonry, cement mortar. Timber flooring.

Unreinforced fired brick masonry, cement mortar, but with
reinforced concrete floor and roof slabs

Unreinforced concrete block masonry with lime or cement mortar
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of failure and structural typology is qualitatively good but not univocal, and the
grouping affects both ultimate lateral capacity and drift.

Substantial differences also exist for nominally the same structural typology from
different regional setting. In Fig. 12 average capacity curves for structural typologies
based on unreinforced brickwork with different mortars and horizontal structures are
compared from different locations, one in Italy, one in Turkey, one in Nepal.

The results in Fig. 12 show that the parameter location, and hence construction
details, layout and local tradition, might have a greater influence on the resulting
curves, than the nominal structural typology class, usually considered of universal
reference in many general purpose databases (such as HAZUS 99 [17], RISK-EU
[5], LESS-LOSS [6], etc.). Such results bring in sharper focus the limitation and
inaccuracy of using idealised models and average curves without adequately con-
sidering the inherent aleatoric variation associated with any given site where the
assessment is conducted, and the importance of a detailed knowledge of the local
construction characteristics when sampling the buildings representative of the
building stock. A substantial variation in the drift associated with the various limit
states can be also observed.

3.2.3 Performance Points and Their Correlation with Damage States

The lateral acceleration capacity and the relative proportion of drift for the three
limit states identified in the previous section are essential indicators of the seis-
mic performance. A method for assessing the overall behaviour by use of a global
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Fig. 12 Average capacity curves for different location and masonry typologies
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performance indicator is the computation of the performance point. In order to cal-
culate the performance point it is necessary to intersect the capacity curve derived
above with the demand spectra for different return periods in relation to the perfor-
mance criteria considered. Two broadly equivalent approaches for the derivation of
the non-linear demand spectra exist: the N2 method [14] included in the ECS8 [34]
and the Capacity Spectrum method (CSP) [14]. The two methods differ essentially
in the way the non-linear demand spectrum is arrived at: the N2 method uses a
reduction factor R, function of the structure expected ductility w, while the CSP
uses a fictitious damping factor derived from the hysteresis loop of the structure.
There exists a rich literature that compares the benefits of the two approaches [49].
In the following the N2 method will be used to illustrate the derivation of perfor-
mance points.

To calculate the coordinates of the performance point in the displacement-
acceleration space, the intersection of the capacity curve with the nonlinear
demand spectrum for an appropriate level of ductility | can be determined as
shown in Eq. (24), given the value of A

ifT <T,

. T2 (BAy (0) — Ay(T))? gu

if Au> A (T) = SDy(p) = 17 * AT

. T2 (BAa (0) — Ay gu

lf Ay (Tc) <Ay < Au (T) = SDnl(/'L) = (//L — 1)2 * 47T2Au
2 2

if Au < Api (Te) = SDy(p) = w (25)
4 Ay

ifT>T,

. _ 8T (BA4 (0)

if Ay > Ay (T) = SDp(n) = W

T2 (BA, (0))2
if Ay < Ay (T) = SDy () = gcélfz—uili))

where two different formulations are provided for values of ultimate capacity A,
greater or smaller than the nonlinear spectral acceleration A,(T,) associated with
the corner period 7, marking the transition from constant acceleration to constant
velocity section of the parent elastic spectrum. In (24) SD,; is the non-linear spec-
tral displacement, function of the chosen target ductility u; g is the acceleration
amplification factor calculated as the ratio of the elastic maximum spectral accel-
eration and the peak ground acceleration A.(0); A, (T) is the non-linear spectral
acceleration for the value of natural period that defines the elastic branch of the
capacity curve; g is the gravity constant. Note that in Eq. (24) A¢«(T), A(T) and A,
are dimensionless quantities, expressed as proportion of g.

In Fig. 13 the damage thresholds for the limit state of near collapse for each
building in the sample of Nocera Umbra, Italy, are compared with the regional
response spectrum for 475 year return period (or 10 % of exceedance in 50 years)
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Fig. 13 Representation of target performance points and damage thresholds for Near Collapse
limit states in the acceleration/displacement space. The PGA is the value recorded for the 1997
Umbria Marche earthquake in Nocera Umbra. On the mean capacity curve for the three mecha-
nism classes, the mean significant damage thresholds are marked in red

anchored to the PGA of the second shock of the Umbria-Marche September 1997
sequence. For the non-linear spectrum obtained with the N2 method approach a
ductility i = 3.5 has been chosen in agreement with experimental evidence pro-
vided by [47] and [50] and to match the performance point of NC for the mean
capacity curve for the combined mechanism. It can be seen that there is quite a
significant scatter of performance and most of the out-of plane mean curves lies
below the nonlinear spectrum, meaning that a higher level of ductility is required
to meet the performance.

It should also be noted that a consistent proportion of the representative points
of Near Collapse lies under the nonlinear response spectrum, equally deficient in
terms of acceleration and displacement, especially for the out of plane behaviour.
Such outliers should not be overlooked as they usually point out to inherent con-
struction deficiency in a regional context, inhibiting seismic resilience.

3.2.4 Derivation of Fragility Curves

Advanced uncertainty modelling and probability of occurrence of given phenom-
ena is usually confined to the hazard component of the risk equations, while when
probabilistic models are developed for vulnerability components, these usually
relate to simplified modelling of the structure seismic response and assumption of
pre-determined dispersion as might be found in literature [17, 51].
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Usually it is also assumed that fragility curves for different limit states can be
obtained by using mean values of the performance point displacement and deriv-
ing lognormal distributions by either computing the associated standard deviation
if some form of random sampling has been considered, or by assuming values of
from empirical distribution or literature. To this end the average displacement for
each limit state can be calculated as:

_ 1
Ars =e* with u = — Z(ln x) (26)
n

and the corresponding standard deviation as:

1 . Inx —InXx)?
— eH 397 [o0? _ 1 with o = Z(— (27)
BLs =€ Ve with o =,/ -

Figures 14 and 15 show the set of fragility curves obtained for each of the dam-
age limit states of DL and SD as computed for the two Italian sites of Nocera
Umbra and Serravalle considering separately the three types of structural behav-
iour. As, once a structural typology has been assigned, the values of the mechani-
cal characteristics are the same across the two samples, while the structural
details are accounted for directly in the three classes of mechanisms, the variabil-
ity observed in each chart between samples can be related directly to geometric
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differences and masonry fabric, i.e. to the local aspects of the construction practice
and architectural layout. Hence curves on the left of the diagrams are stiffer in the
case of damage limitation or have lesser ductility in the case of significant dam-
age. However the distribution does not bare consistency across the three classes of
mechanism for the two sites.

Figures 16 and 17 show the fragility distribution at ultimate conditions in terms
of near collapse displacement and ultimate lateral capacity for the three failure
behaviour. While there is little difference among the two locations for the out-of
plane behaviour both the in-plane and the combined behaviour show high varia-
bility. The higher deformability of Serravalle for the in-plane behaviour is related
to a higher proportion in this sample of facades with porticoes at ground level,
resulting in possible soft storeys, while the lower value of limit displacement for
the Nocera Umbra sample is dependent on a high proportion of masonry fabric of
poorly hewed stone classified as RS3. On the other end the lower lateral capacity
of the Serravalle sample for the combined mechanism is to be associated with slen-
derer fagades. Moreover Nocera Umbra has a greater lateral capacity both for com-
bined mechanisms and for in-plane mechanism than Serravalle (see Fig. 17) while
ultimate capacity for the out-of-plane mechanism provides similar fragility curves.

The reliability of the results obtained in the previous section can be consid-
ered within the framework set out in the Eurocode 8 [34], whereby the reliability
associated to the results of a seismic assessment of a structure is expressed as a

Fig. 16 Fragility curves for LS Near Collapse
the limit state of near collapse

for two Italian sites and three g'i |
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function of the level of knowledge and quantified by means of the confidence fac-
tor. Hence this can be considered a measure of the epistemic uncertainty. Eurocode
8 recognises three levels of knowledge: limited, normal and full; and three fields
of knowledge: geometry, construction details and materials. As data used in the
FaMIVE approach are collected by on site visual inspection with some measure-
ment and in situ accurate observation of construction details, while only very
limited in situ non-destructive test on materials are performed and material char-
acteristics are otherwise assigned based on literature or surveyor experience, then
the level of knowledge is superior to KL1, limited, but not quite equal to KL2,
normal. For this level of knowledge, a static nonlinear analysis, such as the limit
state mechanism approach, leading to a capacity curve is deemed appropriate.
Hence according to the recommended values the confidence factor CF should be
in the range 1.2—1.35 depending on how closer the actual knowledge can be con-
sidered to the reference level identified by KL2. The confidence factor is then used
in EC8 to reduce the capacity values as obtained from the assessment.

Although the EC8 approach recognise the importance of treating epistemic
uncertainties, the level of knowledge is translated in a safety factor value rather
than a probability or possibility of a specific value to occur. While this approach
can be considered acceptable for the assessment of single buildings, it does not
account explicitly for aleatoric variation.

The FaMIVE procedure uses a measure of reliability of the input data to deter-
mine the reliability of the output. Depending on whether data, in each section
of the data collection form, has been collected and measured directly on site, or
collected on site and confirmed by existing drawings or photograph, or collected
from photographic evidence only, three level of reliability are considered, as high,
medium and low, respectively, to which three confidence ranges of the value given
for a parameter can be considered corresponding to 10 % variation, 20 % variation
and 30 % variation. The parameter value attributed during the survey is considered
central to the confidence range so that the interval of existence of each parameter
is defined as i = 5 %, i &= 10 %, p = 15 %, depending on highest or lowest reli-
ability. The reliability applied to the output parameters, specifically lateral accel-
eration and limit states’ displacement, is calculated as a weighted average of the
reliability of each section of the data form, with minimum 5 % confidence range to
maximum 15 % confidence range.

To quantify the effect of the level of the epistemic uncertainty on the fragil-
ity curves obtained with the FAMIVE procedure, the samples from three different
locations in Italy and for the three failure behaviours introduced in the previous
section, are analysed together. For each entry in the sample a separate reliability
parameter is computed as indicated above, then two new sets of values represent-
ing the lower bound and upper bound for each entry are computed. For these two
sets logarithmic mean and standard deviation are calculated using Egs. (25) and
(26) and the lognormal distributions obtained. These are presented in

Figure 18 for the three displacement limit states and for the ultimate accelera-
tion, respectively. The reliability indicator for the overall sample is +=11 %, show-
ing that the data reliability is medium—low, i.e. no availability of drawings in most
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Fig. 18 Effect of epistemic uncertainty on fragility distribution for limit states

cases and onsite measurement on a modest number of cases. This is a typical situ-
ation in the aftermath of an earthquake, such as the conditions in which both the
Nocera Umbra sample and the L’ Aquila sample were collected.

3.3 Building Aggregates

In historic centres the evolution of the urban layout is a critical factor. The dia-
chronic process of construction means that in some cases adjacent buildings share
load-bearing masonry walls and their facades are aligned. In this case, buildings
do not constitute independent units, resulting in their structural interaction, par-
ticularly critical for horizontal actions. Hence the structural performance should be
studied at the level of the aggregate and not only for each isolated building.

This chapter presents an extension of the mechanical methods introduced in the
previous chapter, to undertake vulnerability assessment, evaluate seismic risk and
estimate loss at the urban scale for historic city centres in which the building stock
is structurally linked. It is assumed that collapse or ultimate limit state of the struc-
ture is due to shear-type failure.

A building aggregate can be considered as a unit, for which it is fundamen-
tal, the knowledge on building typology, conservation state and connection scheme
between buildings, as a consequence of the evolution of the urban layout (see
Fig. 19). The building interaction does not only change the load paths, but also
the global and local seismic response, as a consequence of the quality of the con-
nections. The vulnerability assessment for single buildings overlooks the integrity
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Fig. 19 Diachronic
construction process and
building interaction (adapted
from [50])
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of the aggregate weather it is small or large aggregate, the irregularity created by
confining buildings, connection to neighbouring buildings, etc. [S0].

The interaction of buildings is first of all very dependent on irregularity raised
by differences in height and stiffness of neighbouring buildings. Since the aggre-
gate is constituted by single buildings, which have different level of vulnerabil-
ity when considered individually, the position and layout of these can increase or
reduce the vulnerability of the aggregate as a whole. In this sense the aggregate is
a structural unit and should be evaluated as a global structure and from its collec-
tive behaviour and response to seismic action more vulnerable buildings can ben-
efit from this confinement, however the interaction of the buildings can worsen the
global vulnerability of an aggregate due to changes in height or stiffness. In gen-
eral the global behaviour is beneficial for the more vulnerable buildings while for
the stiffer units the level of damage suffered during a seismic event is greater, due
to the interaction of strong building-weak building.

Building aggregates can take a number of shapes, as shown in Fig. 20, although
buildings in a row are very characteristic of the eighteenth century urban layout
for many European historic city centres. Whatever the aggregate shape, the seis-
mic behaviour is evaluated in two main directions: parallel to the building facades
development and perpendicular to them. More complex aggregate shapes can be
sub-divided in smaller aggregates of simpler shape.

For the case of a row of buildings, many situations can arise from the inter-
action among buildings. Normally flexural failure is expected for buildings with
slender masonry piers at ground floor due to big openings and shear failure for
buildings with thick masonry piers between openings, but these kind of failure
modes are altered because of the group response. The misalignments of building
front, misalignments of window openings of adjacent buildings, big differences in
wall area and stiffness of aligned buildings may change completely the load paths
for the horizontal forces and the resulting failure mechanism.

Figure 21 shows an example of the influence of aggregate’s layout on building
failure mechanisms

It is often noted that end buildings are very vulnerable due to their position and
normally suffer most damage by rotation and sliding phenomenon’s induced by
inertial forces of the whole aggregate in one direction. Furthermore the rigidity
of timber diaphragms of masonry buildings do not oppose to the global behaviour

>
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Fig. 20 Building aggregate shapes

Fig. 21 Building interaction: a Out-of-plane; b In-plane
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since they are flexible diaphragms but are important in the horizontal load distribu-
tion among masonry shear walls. In this direction the global response is proven
to be of great importance, however in the perpendicular direction, the building
response is substantially self-ruling. The masonry mid-walls of adjacent build-
ings, lacking openings, charged by floor structures leading to high values of nor-
mal stress appear to have high shear strength in the in-plane response and do
not condition building failure. A critical issue for the facades of the aggregates,
often observed in post seismic survey, is the out of plane collapse of walls. The
weak connections to orthogonal walls, due to the building process of buildings in-
between existent ones or to the addition of extra floor on the other may compro-
mise the quality of connections among orthogonal walls. Out of plane collapses at
roof level are also common due to the combined effect of weak connections and
low values of normal stress reducing the shear capacity.

3.4 Mechanical Method for Building Aggregate

The vulnerability assessment procedure is based on the use of a simplified capac-
ity curve for each building. To better understand the assessment process, it has
been broken down into steps following the same logic as in Sect. 3.

3.4.1 Identification of Building Typology

A subdivision into two different typologies relating to two different wall arrange-
ments are identified as A and B. This division is necessary to identify primarily the
more vulnerable direction of the masonry building and define a more probable col-
lapse mechanism as shown in Fig. 22:

/ ,." Uniform collapse (the damage is distributed over the wall in height)
A [0}

Soft storey (concentration of damage at ground floor)

fo=pmmmmmmmn -
’ II’
/ / L Soft storey (concentration of damage at ground floor)

Fig. 22 Building typology and collapse mechanism
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Type A—Masonry walls that have regular openings in height or few or no
openings whatsoever (midwalls, gable end walls)

Type B—Masonry walls with big openings at ground floor level: This situa-
tion is a frequent characteristic in the refurbishment and transformation of historic
masonry buildings where wall are suppressed to create larger open spaces.

3.4.2 Collapse Mechanism

The building aggregate is analysed considering two possible mechanisms: uniform
collapse and soft-storey collapse. For each of the building typologies identified
and relative to the direction considered, the analysis of a building or a group of
buildings is undertaken considering the collapse mechanism and the typology. The
following situation can be identified (see Fig. 22):

e For buildings of typology A, two collapse mechanisms are possible: the uniform
collapse considers that the damage is distributed over the height of the wall and
for the soft storey mechanism damage is concentrated at ground floor.

e For buildings of typology B only one collapse mechanism is considered because
of its increased vulnerability at ground floor level.

3.4.3 Vulnerability Assessment

To evaluate the response of building aggregate with a bulky or array shape, in both
principal directions (X, Y) it is assumed that the X-direction is the weaker direc-
tion of the building aggregate for which the occurrence of a soft storey mechanism
is prevalent, for both building types A and B. For the other direction, Y, both col-
lapsed mechanisms are considered in the assessment.

In an array of buildings the YY direction assumed as the stronger, is usually the
direction of the majority of the party walls between buildings within the aggregate.
These walls are assumed to have individual response. This hypothesis is fairly
acceptable, because in this direction buildings do not interact as strongly as in the
other direction (facade walls). In this direction a very straightforward vulnerability
assessment is attained for each building using the mechanical model in which the
simplified bilinear capacity curve (SDOF system) is constructed for each building
[51, 53], limit states and the level of seismic action are defined, hence the perfor-
mance point is retrieved through the capacity spectrum methodology (see [24]).
Once the fragility curves for the four damage states are obtained, the evaluation
of the probabilistic damage distribution is performed. The damage distribution of
the aggregate in this direction is evaluated by the average value of the single dam-
age distribution for each building for both collapse mechanisms (uniform collapse
and soft storey mechanism), defining in this way a damage range for the build-
ing aggregate in this direction, without considering the damage of each building
within the aggregate.
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For the XX Direction, considered the weaker direction as mentioned, usually

building fagades are aligned and the interaction between buildings in this direction
is much more important. The procedure adopted in this case is as follows:

®

(ii)

Construction of each simplified bilinear capacity curve corresponding to
a single degree of freedom system for each building in this direction. Once
obtained these simplified capacity curves, they can be transformed into force—
displacement curves and summed to obtain a global push-over curve for the
aggregate. But since aggregates are formed by buildings with different height,
horizontal displacements should be normalized in such a way that ¢, = 1
(modal shape vector), where n is the control node. This must be done because
buildings that compose and aggregate have different number of floors and
consequently different height and therefore top-displacement at roof level that
is normally considered cannot be the selected control node. To achieve this,
the displacements are divided by the number of floors, therefore the control
node is the displacement at ground floor and the curves can be summed (see
Fig. 23). Each simplified capacity curve (Ay, dy, du) is then normalized by
transformation of coordinates into the force—displacement using the following
expressions:

Force : F= Ay x m*T (28)

= dy x Iﬂ; N : numt (29)
N

The force displacement curves are summed and the global pushover curve of
the building aggregate is obtained in this direction (see Fig. 23)

Displacement : d

E Fi=F+F:+F;

max

B1
B2

[
f ; F1
£ l F, )
L Fs : B3

Sug duy  Buy d

Fig. 23 Construction of the global push-over curve
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(iii) The determination of an equivalent elasto-perfectly plastic force—displace-
ment relationship for the building aggregate is constructed (non-linear static
analysis through a simplified mechanical model) that the elastic stiffness of
an equivalent bilinear system is found by marking the secant to the push-over
curve at the point corresponding to a shear base 70 % of the maximum value
(maximum base shear). The horizontal section of the bilinear curve shall be
found by equalizing the areas underneath the two curves up to the ultimate
displacement of the system. The value of the ultimate displacement which is
considered equal to the ultimate limit state corresponds to a force degradation
of not more than 20 % of the maximum. The construction of the equivalent
global pushover curve, an equivalent capacity curve to evaluate the response
of the aggregate structure must take into account two possible situations:

(a) There is no building within the aggregate that collapses of a value of shear
base 70 % of the maximum shear of the global pushover curve and in this case
the equivalent bilinear curve is defined analytically as followed in Fig. 24.

(b) If a building within the aggregate collapses before attaining the 70 %
of the maximum shear value defined for the global push-over curve, it
will drop of a value of the shear capacity of the building that prematurely
failed. In this case, the equivalent stiffness is found by marking the secant
to the unfailed push-over curve and the horizontal section is defined as

Simplified bilinear curve

5 displacement corresponding to 0.7 x Fyy4,

5 F*

; displacement of the bilinear curve

0.7F, - 8, : final displacement corresponding to a 20% force degradation

Definition of the equivalent bilinear curve, calculation of F , for the equivalence of areas:

8" xF"

Apilinear curve = +F X[B., -5 ] -
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(second degree polynomial function)
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2

Fig. 24 Construction of the equivalent bilinear curve—case a)
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Fig. 25 Construction of the equivalent bilinear curve—case b)
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defined in the normal procedure. For this case in Fig. 25 is shown the
steps to construct the equivalent elasto-perfectly plastic force—displace-

ment relationship.

(iv) The construction of the equivalent bilinear capacity curve of an equivalent
single degree of freedom is attained by a global transformation factor, Igiobal
considering the number of floors of each building and the singular transforma-
tion factors of each building, to return to a system coordinates of (S, Sq). The

transformation factor is given by:

*

Mz
=B
Mz
=
]

o
I
—
—
I
—_

in which:

i=1...., N buildings;

m*: > m; x ®;;equivalant mass;
i

npj: number of floors of building;

[j: transformation factor

M=
:1|_B

(v) Once computed the equivalent bilinear curve, it is possible to evaluate the per-
formance point by using the capacity spectrum method (see Fig. 26). After
identifying the final performance point by doing the reverse process the evalu-
ation of the damage state of each building is possible by identifying on each
curve the target displacement. In order to access the damage state suffered by
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Table 6 Thresholds for damage states

Spectral displacement threshold Damage state

Sq,1 = 0.7xDy Slight damage
Sq,1 = 1.5xDy Moderate damage
Sq,1 = 0.5x(Dy + Dy) Severe damage
Sa,1 =Dy Heavy damage

each building in the aggregate under the defined seismic action, the displace-
ment corresponding to the performance point can then evaluated the perfor-
mance level of each building, by defining the damage threshold states, the
values used for the damage state definition have been widely discussed in [51]
and are based on expert judgment and for this case are defined as (Table 6):

Once defined the equivalent bilinear curve of the aggregate the performance can
be retrieved by applying known procedure for the CSM (see [24]). Then the cor-
respondent displacement is evaluated over the push-over curves for each building,
evaluating individually the probabilistic damage distribution for each building and
the global response in the direction evaluated. Finally the damage distribution of
the aggregate in this direction is evaluated by the average value of the single dis-
tribution for each building for only each collapse mode mechanism (soft storey
mechanism or uniform collapse) or the global response depending on the direction
evaluated, defining in this way a damage range for the building aggregate in this
direction, without losing the perception of the damage for each building with the
aggregate.

4 Final Remarks

The chapter offers a review and classification of the most commonly adopted pro-
cedures for carrying out a seismic vulnerability assessment at territorial scale of
large number of historic masonry buildings. By way of exemplification of each
of the classes of methods identified, three procedures are presented in greater
details. The first one relies on empirical data only and it is an extension of the
Vulnerability Index method. By combining this procedure with the vulnerability
classes and damage states proposed by EMS’98, is possible to derive fragility
curves, cumulative losses and casualty for building pertaining to diverse vulner-
ability classes. A simple treatment of the uncertainty is proposed, by using the
standard deviation of the Vulnerability Index. This does not account for the uncer-
tainty associated with the hazard.

However, the uncertainties associated with the empirical vulnerability curves
and the quality of vulnerability classification data are still issues that must be
studied further with respect to post-seismic data collection. For risk mitigation,
a reduction in building vulnerability is a priority and therefore the development
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of more reliable vulnerability assessment models which combine statistical and
mechanical methods should lead to better results.

The second procedure proposed, FAMIVE, represent a robust attempt to meet
these requirements. It moves from a survey of the local structural and vulner-
ability characteristics of the building stock in an historic centre, and uses the col-
lected data within the framework capacity spectrum method and performance base
design to derive performance points and fragility curves, for classes of buildings
of same typology. Damage thresholds are defined on the basis of observation,
numerical analysis and comparison with existing experimental results. The results
show that, by considering diverse types of mechanisms, construction details and
resilient features, it is possible to tune, capacity curves, first, and then fragility
curves, to specific construction typologies and local building characteristics. The
aleatoric uncertainty is dealt by considering variability in construction as obtained
through the direct survey. The epistemic uncertainty associated with the methodol-
ogy is accounted for by developing a reliability framework.

Buildings in historic centres are usually built adjacent to each other and their
vulnerability is highly affected by the connections to neighbouring buildings.
The third procedure shows a first attempt to interpret the overall behaviour of an
aggregate by considering in detail the interaction of buildings’ facades in plane.
This allows deriving capacity curves at the level of the aggregate and captures the
global response of the aggregate opening the possibility of defining vulnerabil-
ity functions at the level of the aggregate based on mechanical behaviour. Out-of
plane failures, although classified, have not been considered and this will be a fea-
ture extension of the method.

The three procedures illustrated here lend themselves to the use of a GIS plat-
form and database management system to best communicate the information col-
lected about building feature and geometry, the output of seismic vulnerability
assessment and the development of damage and other risks scenarios. Such tools,
depending on the scale and type of procedure used can be very helpful for the
development of strengthening strategies, cost-benefit analyses, civil protection and
emergency planning.
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