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A B S T R A C T

This paper is focused on the calibration of a simplified seismic vulnerability index method for masonry façade
walls, through an innovative two-step calibration process based on two complementary approaches. The first one
is based on a set of fragility curves constructed from out-of-plane damage limit states obtained from experi-
mental data, which are used to calibrate the weights associated to the parameters of the vulnerability index
method that rule the out-of-plane response of the masonry façade walls. The second approach, subsequently used
to calibrate the weights of the remaining vulnerability parameters, is based on post-earthquake damage data
collected after the seismic event that struck the Azores Archipelago in July 1998. The results obtained from such
calibration are then presented and critically discussed taking into account not only the calibration itself, but also
their reliability from the methodological point of view. Finally, the addition of three new evaluation parameters
is further proposed and analysed. This two-step calibration process represents a valuable contribution for the
current state-of-art of the simplified seismic vulnerability assessment methodologies which, up to the present,
have been developed and calibrated only on the basis of empirical data.

1. Introduction and motivation

According to several past studies [1–5], the absolute seismic risk
evaluation of built-up areas can be expressed as the probability of oc-
currence of a seismic event of certain intensity, for a specific site and
during a determined period of time, and mathematically described by
the convolution between hazard, vulnerability and exposure, Eq. (1).

= ⊗ ⊗R H V E| |( ) |ie T i e T (1)

where R is the probability of exceeding a certain level of loss for an
exposed element e as a consequence of a seismic event of intensity i, H is
the probability of exceeding a certain level of seismic activity with in-
tensity i during a recurrence period T, V is the vulnerability, which is
the intrinsic predisposition of an element e to suffer damage from a
seismic event of intensity i, and E is the exposure of the elements at risk,
reflecting the value of the exposed elements [6]. Within this holistic
approach, the building stock vulnerability assessment of an urban
centre is a key prerequisite for its seismic risk assessment, assuming
great and particular importance, not only because of its obvious phy-
sical consequences, but also because it is the only factor that remains to
be engineered.

When performing vulnerability assessment of a large number of
buildings and over an urban centre or region, the resources and quan-
tity of information to collect and deal with can be enormous and thus
the use of more expedite approaches results more adequate and rea-
sonable. Methodologies for vulnerability assessment either at the na-
tional and urban scale should be based on few parameters, of empirical
nature, defined through the knowledge of the effects of past earth-
quakes, which can then be treated statistically [7]. The definition and
nature of such approach (qualitative and quantitative) naturally limits
the formulation of the methodologies and the level at which the eva-
luation is conducted, from the expedite evaluation of buildings based
on visual observation to the most complex numerical modelling of
single structures (see Fig. 1).

A most important criteria that distinguishes vulnerability ap-
proaches for old masonry buildings is whether the method is purely
empirical, i.e., based on observation of damage of past-earthquakes,
from which a correlation between building typologies and damage level
given a known macroseismic intensity level can be derived, or analy-
tical, where a model of a representative building for a typology is de-
fined and a response of such model to expected shaking intensities is
computed.
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The empirical methods are particularly suited to old city centres,
where a record of past earthquakes is available and damage to buildings
has been systematically collected over a significant number of events
([9–15] are examples of previous studies resorting to empirical ap-
proaches), while the analytical methods are suitable for the cases
wherein construction details are recorded and well understood. Re-
garding the latter, this knowledge should be based on experimental
work, to characterise the mechanical behaviour of the materials, and on
observed damage data, to calibrate the procedure [16–19]. It is worth
referring a third group of methods, the heuristic or expert opinion ap-
proaches, by which vulnerability 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 knowledge (see for example [20]).
Finally, a forth group of methods, the hybrid approaches, combine
features of the three previously described techniques. Examples of hy-
brid approaches can be found in [21–23].

This cumulated knowledge obtained from the extensive amount of
work carried out in this field over the past 25 years, together with the
broad damage data collected from recent earthquakes, opens a singular
opportunity to develop and calibrate established vulnerability ap-
proaches, which can be truly valuable in the support of risk mitigation
and management decisions at the urban scale. Thus, taking advantage
of a wide set of collected damage data of traditional stone masonry
buildings after the 1998 Azores earthquake [7], this paper presents and
discusses the calibration of a seismic vulnerability assessment method
for masonry façade walls. This methodology was originally proposed by
Ferreira et al. [24] and can be considered as a blend of the typological
and conventional methods (presented in Fig. 1 and to be reviewed in
the following Section 2), being based on the computation of a vulner-
ability index, which results from a weighted sum of a set of ten para-
meters that evaluate the global seismic vulnerability of the masonry
façade wall. Moreover, three new parameters are also proposed and
calibrated in this paper, aiming at improving the overall methodology
by including some new considerations and features that clearly con-
tribute for the seismic vulnerability of the façade walls.

2. Literature review on empirical seismic vulnerability assessment
methods

Following the presentation scheme of Fig. 1, the empirical methods
described within the next subsections are categorised into four different
groups of assessment techniques: typological, indirect, conventional
and hybrid.

2.1. Typological techniques

According to Vicente et al. [6], typological methods classify build-
ings into classes depending on materials, construction techniques,
structural features and other factors that influence the building re-
sponse. According to these methods, vulnerability is defined as the
probability of a structure to suffer a certain level of damage for a de-
fined seismic intensity. The evaluation of damage probability is based
both on observed and recorded damage from 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 and surveying. In effect, the results are only
valid for that particular assessed area, or for other areas of similar
building typology and equivalent level of seismic hazard. Examples of
this method are the vulnerability functions or Damage Probability
Matrices (DPM) developed by Whitman et al. [25], compiling DPMs for
several building typologies according to the damaged sustained in over
1600 buildings after the 1971 San Fernando earthquake (Table 1).

Calvi et al. [26] stated that one of the first European versions of a
DPM was produced by Braga et al. [27], based on damage data col-
lected after the 1980 Irpinia earthquake, in Italy. These authors used a
binomial distribution to describe the damage distributions of each class
for different seismic intensities. Buildings were separated into three
vulnerability classes (A, B and C) and a DPM based on the MSK scale
was evaluated for each class [28]. According to Corsanego and Petrini
[29], this type of method is also known as direct due to the direct re-
lationship existing between the building typology and observed da-
mage. The use of DPMs is still very popular, mainly in Italy, and several
proposals have recently been made to update the above mentioned
original DPM method [30]). One worth highlighting study was pre-
sented by Dolce et al. [31] wherein, as part of the ENSeRVES project
(European Network on Seismic Risk, Vulnerability and Earthquake
Scenarios), the original matrices were adapted for the Italian town of
Potenza. An additional vulnerability class (D) was included by the au-
thors in the formulation using the EMS-98 scale [32], in order to ac-
count for the buildings constructed after 1980, i.e., buildings that have
been retrofitted and/or designed to comply with recent seismic codes
[26].

2.2. Indirect techniques

Indirect methods initially involve the determination of a vulner-
ability index, followed by the establishment of the relationships

Fig. 1. Analytical techniques used at different evaluation scales
[8].
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between damage and seismic intensity, supported by statistical studies
of post-earthquake damage data. This form of evaluation is applied
extensively in the analysis of vulnerability on a wide scale assessment.
The “Vulnerability Index Method”, originally proposed by Benedetti
and Petrini [33] (see also [34]), is one of the most commonly used
indirect methods and involves the determination of a building vulner-
ability classification system, a vulnerability index, based on the ob-
servation of physical building and structural characteristics. According
to this method, which was used for example in [35–40], each building is
classified in terms of a vulnerability index related to a damage grade
determined via the use of vulnerability functions. These functions en-
able the formulation of the damage suffered by buildings for each level
of seismic intensity (or peak ground acceleration, PGA) and vulner-
ability index (see Fig. 2). Such types of methods use extensive databases
of building characteristics (typological and mechanical properties) and
rely on observed damage after recent earthquakes to classify vulner-
ability, based on a score assignment.

According to Calvi et al. [26], the “Catania Project” [42,43] used an
adapted vulnerability index method for the seismic risk assessment of
both masonry and concrete buildings. Following the guidelines of ATC-
21 [44], a rapid screening approach was used to define the vulner-
ability scores of these buildings. Further, according to the same authors,
the main advantage of indirect techniques is that they allow the vul-
nerability characteristics of the building stock under consideration to be
determined, rather than base the vulnerability definition on the ty-
pology solely. Nevertheless, the methodology still requires expert jud-
gement to be applied in assessing the buildings and coefficients (and
weights) used to define the vulnerability index which inherently has a
degree of uncertainty that is not generally accounted for. Moreover,
large-scale assessment using indirect techniques (at a regional or a
national scale) must be based on data gathered from a large number of
buildings, assumed to be representative of the building stock [45].

When such data is not available, the calculation of a vulnerability index
for a large number of buildings would be a very time consuming task
[26].

2.3. Conventional techniques

Conventional techniques are essentially heuristic, introducing a
vulnerability index for the prediction of the level of damage. As stated
by Vicente et al. [8], there are two types of conventional approaches:
those that qualify the different physical characteristics of structures
empirically and those based on the criteria defined in seismic design
standards for structures, evaluating the capacity-demand relationship of
buildings. ATC-13 [46], probably the best known of the first type, de-
fines damage probability matrices on the basis of the know-how of more
than 50 senior earthquake engineering experts who were asked to
provide low, best and high estimates of damage factor (the ratio of loss
to replacement cost, expressed as a percentage) for Modified Mercalli
Intensities, MMI [47] VI to XII, and for 36 different building classes.
Some large-scale risk and loss assessment works based on ATC-13 can
be found in [48–50,5,51]. As an example, Table 2 presents the damage
factors for each damage state, computed by Eleftheriadou and Karabinis
[51] on the development of damage probability scenarios for Greece.

2.4. Hybrid techniques

Hybrid techniques combine features of the above mentioned tech-
niques, such as the vulnerability functions based on observed vulner-
ability and expert judgment, in which vulnerability is based on the
vulnerability classes defined in the European Macroseismic Scale
(hereinafter EMS-98) [32]. This is the case of the macroseismic ap-
proach proposed by Lagomarsino and Giovinazzi [52], which combines
the characteristics of typological and indirect methods using the

Table 1
Format of the Damage Probability Matrix (DPM) developed by Whitman et al. [25].

Damage Structural Non-structural Damage Intensity of earthquake

state damage damage ratio (%) V VI VII VIII IX

0 None None 0.00–0.05 10.4 – – – –
1 None Minor 0.05–0.30 16.4 0.5 – – –
2 None Localised 0.10–1.25 40.0 22.5 – – –
3 Not noticeble Widespread 1.25–3.50 20.0 30.0 2.7 – –
4 Minor Substancial 3.50–4.50 13.2 47.1 92.3 58.8 14.7
5 Substancial Extensive 7.50–20.0 – 0.2 5.0 41.2 83.0
6 Major Nearly total 20.0–65.0 – – – – 2.3
7 Building condemned 100 – – – – –
8 Collapse 100 – – – – –

Fig. 2. Example of a correlation function between vulnerability,
damage and acceleration (from [41]).
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referred vulnerability classes and a vulnerability index improved by the
use of modifier parameters [8]. This macroseismic method, either in its
original format or with some minor adaptations, has already been ap-
plied in the risk assessment of several city centres, such as Barcelona
[53], in Spain, and Faro [54], Lisbon [55], Coimbra [6], Horta [7,56]
and Seixal [57], in Portugal.

3. Seismic vulnerability assessment of masonry façade walls

According to the classification presented in the previous section, the
methodology herein used can be classified as an hybrid technique. As
already referred in the introductory section, this vulnerability index
formulation was originally proposed by Ferreira et al. [24] and it is
based on extensive post-seismic damage observation, through identi-
fying the features that most influence the seismic behaviour of the
masonry façade walls.

3.1. The original vulnerability index formulation

The vulnerability index is calculated as a weighted sum of 10
parameters, each of which related to 4 classes (Cvi) of increasing vul-
nerability: A, B, C and D (see Table 3). Each parameter evaluates one
aspect related to the seismic response of the façade wall, calculating or
defining the vulnerability class, Cvi, through the analysis of different
features such as geometry, mechanical properties and conservation
state. Subsequently, to each of the 10 parameters, a weight, pi, ranged
between 0.5 for the less important parameters and 0.75 for the more
important ones, is assigned. Therefore, the façade wall vulnerability
index, I*vf , is given by Eq. (2).

∑= ×
=

I C p*vf
i

vi i
1

10

(2)

For ease of use, the value of I*vf is normalised through a weighted
sum to a value between 0 and 100, whereby the lower the value of Ivf ,
the lower the seismic vulnerability of the façade wall. It is worth noting
that, because their starting values are based on expert opinion, the
major uncertainty associated to this methodology is inherent to the
definition of the each parameter weight. Despite this issue, considering
that the assessment of each parameter is carried out on the basis of a
detailed inspection and also that accurate and reliable geometrical in-
formation is available, these uncertainties can be assumed as relatively
low, validating the method robustness [24].

In order to emphasise the differences and the relative importance
among them, parameters are divided into 4 different groups (see
Table 3):

i. Group 1 presents a relative weight of 36.4 out of 100 and includes
parameters that evaluate the geometry of the façade (P1), the
slenderness ratio (P2) and the relative location of the openings
(parameters P3 and P4). These first two parameters control the
global stability of the façade wall (out-of-plane response), while
parameter P3 and P4 determines the load path of horizontal forces;

ii. Group 2, with a relative weight of 27.3 out of 100, is focused on the
quality of the masonry (P5), through the evaluation of material
(size, shape and stone type), the masonry fabric and arrangement,
and on the global conservation state of the wall (P6);

iii. Group 3 presents the same relative weight as group 2 (27.3 out of
100) and includes parameters P7, P8 and P9 which evaluate the
efficiency of the connections between the façade wall and other
structural elements such as orthogonal walls (P7), timber floors (P8)
and roofing system (P9). The assessment of these parameters de-
pends, among other things, on the integrity of the masonry (con-
servation state, fabric and arrangement) at the connection area and
the presence of connection elements, namely tie-rods. It is worth
underlining the great importance of these features on the develop-
ment of out-of-plane mechanisms;

iv. Group 4 is the one that has the lowest weight on the Ivf formulation
(9.0 out of 100), being composed only of parameter P10 which
evaluates the presence of external elements connected to the façade
wall, such as balconies, ornaments, lamps, awnings, shading over-
hangs and fins. Despite their non-structural nature, the presence of
such elements must be considered either because of the risk asso-
ciated to their fall or of a possible development of local damage,
which can potentially trigger partial collapse mechanisms.

3.2. Damage distribution and scenarios

According to the exposed formulation, a mean damage grade, μD,
can be estimated for different macroseismic intensities based on the
vulnerability index, Ivf . To this end, an analytical expression that cor-
relates hazard with the mean damage grade ( < <μ0 5D ) of the damage
distribution in terms of vulnerability value was developed by Ferreira
et al. in [24]:

Table 2
Central damage factors computed for each damage state (adapted from [51]).

Damage state Central damage factor (%) Intensity level MMS (I)
V VI VII VIII IX

None DS0 +N N0.125%* /2 0.50%* /2(1) (1) 97.93 95.03 85.52 69.83 43.96

Green DS1 0.5 0.66 1.68 4.96 9.16 9.20
Yellow DS2 15 1.33 3.08 9.08 19.65 41.21
Red DS3 65 0.07 0.18 0.27 0.81 3.97
Black DS4 100 0.01 0.03 0.17 0.55 1.66
Median damage factor (MDF) 0.56 0.92 2.00 4.28 10.61
Percentage of the data to the total population 2.07 4.97 14.48 30.17 56.04

(1)Where N is the percentage of the buildings with nearly no damage.

Table 3
Vulnerability index associated parameters classes and weights (adapted from [24]).

Parameters Class, Cvi Weight Relative

A B C D pi Weight

Group 1. Façade geometry and openings
P1 Façade wall geometry 0 5 20 50 0.50 36.4/100
P2 Wall slenderness 0 5 20 50 0.50
P3 Area of wall openings 0 5 20 50 0.50
P4 Misalignment of wall openings 0 5 20 50 0.50
Group 2. Masonry materials and conservation
P5 Masonry quality 0 5 20 50 0.75 27.3/100
P6 Conservation state 0 5 20 50 0.75
Group 3. Connection efficiency to other structural elements
P7 Connection to orthogonal walls 0 5 20 50 0.50 27.3/100
P8 Connection to horizontal

diaphragms
0 5 20 50 0.50

P9 Connection to roofing system 0 5 20 50 0.50
Group 4. Elements connected with the façade wall
P10 Non-structural elements 0 5 20 50 0.50 9.0/100
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⎜ ⎟= + × ⎛
⎝

+ × − ⎞
⎠

μ tanh I V
Q

2.51 2.5 5.25 11.6
D (3)

where I is the seismic hazard described in terms of macroseismic in-
tensity (EMS-98 scale), V is the vulnerability index obtained from Eq.
(4), and Q is a ductility factor that describes the ductility of a certain
constructive typology (ranging from 1 to 4 and assumed equal to 2.0 as
in [24]). Note that the vulnerability index, V, determines the position of
the curve, while the ductility factor, Q, determines the slope of the
vulnerability function (i.e., the rate of damage increase with rising in-
tensity).

= + ×V I0.592 0.0057 vf (4)

It is worth adding that Eq. (3) was proposed by the referred authors on
the basis of extensive damage data collected in the aftermath of
L'Aquila earthquake, which stroke the Italian region of Abruzzo in
2009. Moreover, since the EMS-98 scale was originally developed for
buildings, they presented a readjustment of the EMS-98 damage de-
scriptions in order to make it more suitable for façade walls. Such
adapted damage descriptions are herein presented in Table 4.

4. Calibration of the original vulnerability index formulation

The present section presents and discusses a two-step process used
for the calibration of the original vulnerability index formulation. As it
is schematised in Fig. 3, the process includes the use of two different
approaches. The first one, in Section 4.1, is based on a set of fragility
curves constructed from analytical-based damage limit states obtained
from experimental data reported in Ferreira et al. [58].

Those fragility curves are then used to compute discrete vulner-
ability values, which are confronted with the analytical vulnerability
curves obtained from the vulnerability index methodology. As the
analytical formulation used to define the damage limit states was de-
veloped to describe the out-of-plane response of stone masonry walls
(see Ferreira et al. [59]), from this confront it is then possible to obtain
calibrated values for the parameters that rule the out-of-plane response
of the façade wall (Parameters P2, P7, P8 and P9). It is worth noting
that this approach represents a step forward on the calibration of these
kind of vulnerability methods, which are typically calibrated only

resorting to damage observation and expert opinion, i.e., without the
use of any analytical-based approach.

The second calibration approached, discussed in Section 4.2, is
based on the direct comparison between post-earthquake damage data,
from the 1998 Azores earthquake, and the results obtained from the
application of the vulnerability index methodology. This step 2 is used
to calibrate the parameters that can not be calibrated through the
analytical-based approach used in step 1 (Parameters P1, P3, P4, P5, P6
and P10).

It is worth noting that this process is inevitably affected by un-
certainties arising from different sources, namely from:

i. the definition of mechanical properties of the masonry fabric, used
in the analytical formulation;

ii. the conversion of PGAs into EMS-98 intensities, resorting to Eqs. (5)
and (6);

iii. the simplified model of the geological surface used by Zonno et al.
[66] to construct the macroseismic intensity map of Faial island, in
Fig. 7;

iv. the application of the vulnerability index methodology itself. In this
particular regard, it is important to stress that, if the inspection of
buildings is carried out in detail and accurate geometrical in-
formation is available, as is the case, the vulnerability index method
can be considered robust, and therefore the uncertainty in the as-
signment of vulnerability classes to each parameter can be con-
sidered relatively low [64].

4.1. Calibration through fragility-based results

As previously referred, this section discusses the calibration of some
of the evaluation parameters presented in Table 3, through fragility-
based results obtained from the analytical formulation developed by
Ferreira et al. [59]. To accomplish this goal, each one of the four limit
states defined by this author (LS1 to LS4) were herein used to define the
out-of-plane fragility curves. The statistical variation of the wall capa-
city is attained considering the unit weight of stone masonry material,
γ , as a random variable, with a mean value of 21 kN/m3 and a coeffi-
cient of variation (CoV) of 10%, which are defined on the basis of the
range of values presented in the Italian Code [60]. Fig. 4 (a) and (b)

Table 4
Damage grades adopted by [24] for masonry façade walls.

Damage grade Description

Grade 0: No damage No observed damage
Grade 1: Slightly damage Presence of very localised and hairline cracking
Grade 2: Moderate damage Cracking around openings; localised detachment of wall coverings (plaster, tiles, etc.)
Grade 3: Extensive damage Opening of large diagonal cracks; significant cracking of parapets; masonry walls may exhibit visible separation from diaphragms; generalised

plaster detachment
Grade 4: Severe damage Façade walls with large areas of openings have suffered extensive cracking. Partial collapse of the façade (shear cracking, disaggregation, etc.)
Grade 5: Collapse Total in-plane or out-of-plane failure of the façade wall

Fig. 3. Schematic representation of the two-step process used to calibrate the original vulnerability index formulation.
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presents two sets of fragility curves obtained for two generic un-
reinforced stone masonry cantilever walls with the same thick, 0.65 m,
but with two different heights, 2.5 m and 5.0 m, respectively.

The shape of the fragility curves presented in Fig. 4 reflects the
assumptions assumed on the definition of the four Limit States dis-
cussed in Ferreira et al. [59] and expresses, in a very clear way, the high
fragility of the cantilever walls when subjected to out-of-plane action.
The highly vertical slope of the curves shows that the first three limit
states (LS1: first flexural cracking, LS2: maximum strength and LS3:
maximum allowable damage) occur into very tight acceleration ranges,
which, in practical, means that the out-of-plane collapse of the masonry
walls is indeed a quite fragile damage mechanism.

As can be seen in Fig. 4(a), an unreinforced stone masonry wall with
2.5 m height presents approximately 100% probability of collapse when
a PGA of 0.6g is attained. It is worth highlighting that the range of
values suggested by the fragility curve corresponding to LS4 (in
Fig. 4(a)) is in good agreement with the experimental results presented
by A.A. Costa et al. [61] on the out-of-plane shaking table test of a full
scale stone masonry wall, where a trigger acceleration 0.39g (accel-
eration to form the overturning mechanism) is referred. Fig. 4(b) shows
that if the height of the wall is 5.0 m, the PGA corresponding to collapse
decreases from 0.6g to 0.15g.

Once constructed the fragility curves, it is then possible to transform
them into discrete vulnerability values associated to a certain probability
of occurrence. Therefore, it is necessary to convert the range of PGA ob-
tained values into a range of values measured according to the European
Macroseismic Scale, EMS-98 [32]. First, the PGA obtained must be con-
verted to macroseismic intensity values, which can be achieved by using
the logarithmic relation established by Guagenti and Petrini [62], Eq. (5):

= × −ln y I( ) 0.602 7.073MCS (5)

where y represents the peak ground acceleration (PGA) and IMCS is the
macroseismic intensity according to the MCS scale. It is important to note
that this proposal of Guagenti [62] was chosen over other more recent
works driven by the fact that it was originally developed resorting to da-
mage observation collected from building sets typologically similar to
those used in the present paper. Moreover, this approach was adopted in
some of the most relevant works in the topic of the seismic vulnerability
assessment of masonry buildings, namely in Giovinazzi [63] and Vicente
[64], which are in the genesis, not only of the vulnerability assessment
method applied here, but also of most of the seismic vulnerability as-
sessment works carried out during the last years in the European and the
Portuguese context. Since the final result must be expressed according to
the EMS-98 scale, it was necessary to resort to Eq. (6) in order convert the
values obtained from Eq. (5) into values measured in terms of the MSK
scale, which is equivalent to the EMS-98 scale ( = −I IMSK EMS 98, see [68]).
This equation was presented by Margottini et al. [65] and defines a direct
comparison between the MCS and the MSK scale.

= + ×I I0.734 0.814MSK MCS (6)

Finally, starting from a certain probability of occurrence and as-
suming that each limit state can be related with one of the damage
grades described in Table 4 (LS1 with Grade 1; LS2 with Grade 2; LS3
with Grade 3 and LS4 with Grade 5), discrete values of vulnerability can
be obtained for different macroseismic intensities. Fig. 5 schematises
the process and presents a comparison between those discrete vulner-
ability results and a vulnerability function obtained from Eq. (3), con-
sidering =I 36.36vf .

Fig. 4. Fragility curves for generic URM cantilever walls with 2.5 (a) and 5.0 m height (b).

Fig. 5. Transformation of fragility curves into discrete vulnerability values (50% probability of occurrence).
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According to the original formulation of the scoring method (see
Table 3), such value corresponds to a regular stone URM cantilever wall
with 2.5 m height and 0.65 m thick, i.e., a wall with the same geome-
trical and mechanical features of that considered on the construction of
the fragility curves presented in Fig. 4(a) and Fig. 5. From the point of
view of the application of the method, it can be achieved assigning class
A to all parameters except those related with the efficiency of the
connections between the façade wall and other structural systems
(Group 3), to which class D must be assigned. Moreover, in order to
take into account the width of the specimens used in the laboratory
tests, parameter P1 was also classified with class D.

Following the procedure outlined above, it is possible to analyse the
influence of the parameters that rule the out-of-plane vulnerability of
the façade wall: Parameters P2 (Wall Slenderness), P7 (Connection to
orthogonal walls), P8 (Connection to horizontal diaphragms) and P9
(Connection to roofing system). Thus, the challenge subsists on finding
the weights that lead to the best approximation between the discrete
vulnerability points and the continuous vulnerability function, con-
sidering four different wall's thickness values. Each one of these four
values should lead to a different vulnerability class for Parameter P2,
according to the h t/ ratios defined in Table 5.

Fig. 6(a) depicts the confrontation between the discrete vulner-
ability results and the analytical vulnerability curves obtained con-
sidering the original weights of parameters P2, P7, P8 and P9 and the
following h t/ ratios: 8.33, 10.00, 16.67 and 25.00 (all for h = 2.5 m),
which correspond to the four vulnerability classes. In addition, the PGA
values found for each vulnerability class and Limit State (LS) are also
given in the figure.

From the observation of Fig. 6(a), it is quite clear that following the
original formulation of the method, the influence of the above referred
parameters on the final value of the vulnerability index is greatly un-
derestimated. The relatively low values obtained for Ivf , ranging be-
tween 36.36 for Class A to 40.40 for Class D, prove this hypothesis.

Thus, the next step consisted in finding the combination of weights
for Parameter P2, P7, P8 and P9 that lead to the best approximation
between the vulnerability curves and the discrete vulnerability points
(see Fig. 6(b)). After a careful analysis of the changes resulting from the
adjustment of each one of the weights under investigation, it was

concluded that the three parameters that evaluate the efficiency of the
connections between the façade wall and the other structural elements
(Parameters P7, P8 and P9), should take the value 2.0.

Regarding Parameter P2, it was observed that the most interesting
result is obtained when its initial value is left unchanged, i.e., equal to
0.5. In fact, even though the result presented in Fig. 6 (b) does not really
represent the best approximation between the vulnerability curves and
the discrete vulnerability points, it is the best result possible keeping
the philosophy behind the vulnerability method. If the importance of
Parameter P2 on the global evaluation of Ivf is too high, the metho-
dology loses the ability to capture the influence of the other features
that also contribute to the seismic vulnerability of the façade wall.
Nevertheless, as it can be inferred from the observation of Fig. 6 (b), the
improvements introduced by this procedure for the adjustment of the
analytical vulnerability curve to the fragility-based results are most
interesting, particularly for the higher macroseismic intensities.

4.2. Calibration from observed damage

During the dawn of 9th July 1998, an earthquake with moment
magnitude =M 6.2w , have struck the islands of Faial, Pico and São
Jorge, in the Azores Archipelago, Portugal, reaching degree VIII on the
Modified Mercalli Intensity scale, MMI [47], and causing major de-
struction in the northeast part of Faial island [66]. Numbers were
shocking for the Portuguese recent historical collective memory, with 8
deaths, 150 injured and 1500 homeless, amongst a total of more than

Fig. 7. MMI scale intensity map of Faial island (adapted from [66]).

Fig. 6. Calibration of Parameters P2, P7, P8 and P9 from fragility-based results.

Table 5
Vulnerability classes, Cvi, for parameter P2: Wall slenderness.

Wall slenderness

≤h t/ 9 < ≤h t9 / 15 < ≤h t15 / 20 >h t/ 20
A B C D
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5000 people directly affected by this earthquake [67]. Fig. 7 depicts the
macroseismic intensity distribution of the Faial earthquake expressed in
terms of Modified Mercalli Intensity [47].

The map presented in Fig. 7 was constructed by Zonno et al. [66] on
the basis of post-event field observations [67]. However, given the high
level of destruction found in some parishes this indicates that intensities
at individual sites might have been one grade higher than those of the
regional values plotted on this map [66].

Some examples of the massive destruction caused by the 1998
Azores earthquake are shown in Fig. 8.

As previously exposed, damage grades and scenarios are estimated
considering the European Macroseismic Intensity Scale (EMS-98). Thus,
it was necessary to correlate the previous MMI intensity map developed
by Zonno et al. [66] with the desired scale. Although this process ne-
cessarily involves some degree of subjectivity, according to [68], these
two intensity scales are broadly compatible with one another as they
derive ultimately from the proposal of Cancani [69]. Nonetheless, the
same authors state that an ideal procedure would be to re-assess data
using the desired scale rather than attempting on establishing conver-
sions between intensity scales.

Hence, hereinafter, macroseismic intensities will be represented in
EMS-98 scale considering the mentioned assumption, in which degrees
from MMI and EMS-98 scales are directly associated, being the EMS-98
intensity V described (Strong - The earthquake is felt indoors by most,
outdoors by many. Many sleeping people awake. A few run outdoors.
Entire sections of all buildings tremble. Most objects swing

considerably. The vibration is strong. Top-heavy objects topple over.
Doors and windows swing open or shut), correlated to the corre-
sponding MMI intensity V (Moderate - Felt by nearly everyone, many
awakened. Some dishes, windows broken. Unstable objects overturned.
Pendulum clocks may stop) [68,32].

The 1998 Azores earthquake allowed to collect an unprecedented
quantity of detailed data concerning the characterisation of the
building stock and the damage suffered by constructions, whereas a

Fig. 9. Example of a report used for supporting the vulnerability index assessment.

Table 6
Classification and distribution of the assessed buildings.

District Number of floors Observed damage, μD

Single 2 3 4 0 1 2 3 4 5

Angústias (7) (2) (4) 1 – – (7) – – – –
Castelo Branco (5) (2) (3) – – – (1) (3) (1) – –
Cedros (6) (2) (4) – – – (3) (3) – – –
Conceição (12) (5) (3) (4) – (1) (8) (2) (1) – –
Feteira (5) (2) (3) – – – (3) (1) (1) – –
Flamengos (5) (2) (3) – – – – (2) (1) (2) –
Matriz (16) – (3) (11) (2) (1) (13) (2) – – –
Pedro Miguel (5) (1) (4) – – – – – (2) (2) (1)
Praia de Almoxarife

(16)
(9) (7) – – – (7) (5) (4) – –

Ribeirinha (7) (5) (2) – – – – – (3) (2) (2)
Salão (5) (1) (4) – – – (2) (1) (1) (1) –

Fig. 8. Severe destruction in Faial island after the 1998 Azores earthquake.
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comprehensive catalog comprising a detailed characterisation of the old
traditional rubble stone building stock, a detailed damage grade clas-
sification based on different damage mechanism observed and a seismic
vulnerability assessment of the building stock, was developed and
presented by Neves et al. [7]. From the exposed, this section presents a
calibration of the original vulnerability index method through its ap-
plication to a set of 90 buildings considered representative of the tra-
ditional Azorean stone masonry construction and to which very de-
tailed documentation was available. Among other elements, this vast
documentation comprised very detailed reports, authored by the

retrofitting companies involved in the 1998 Azores reconstruction
process, wherein a description of both the original and the retrofitted
structure (with descriptions of the construction technologies and blue
prints) and the post-earthquake damages observed were reported in a
comprehensive way. This information was further enhanced with a vast
collection of pictures provided by owners and municipal authorities.
Fig. 9 presents an example of one of these reports.

According to the following Table 6, further than their representa-
tiveness in terms of material and constructive technology, buildings
were herein selected so that the sample was composed by both rural

Fig. 11. Results obtained from the application of the original method for −IEMS 98=V, VI, VII and VIII.
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and urban buildings, with different number of floors and distinct grades
of observed damage, μD, attributed according to the adapted EMS-98
damage grades presented in Table 4.

As already noted in the beginning of the present section, on the basis
of the comparison between this damage data presented in Table 6 and
the results obtained from the application of the Ivf method to such
building stock, it was then possible to verify and calibrate the original
formulation by following three stages, each of one presented and
thoroughly discussed in the following sections: (i) Application of the
original formulation (in Section 4.3); (ii) Calibration of the original
parameters weights presented in Table 3 (in Section 4.4); and (iii)

Inclusion of three new parameters taking into account the interaction
between adjacent façade walls, the composition of the horizontal dia-
phragms (type and mass) and the presence of external elements that can
enhance the seismic behaviour of the façades (in Section 5).

4.3. Application of the methodology to real buildings

From the application of the original vulnerability index formulation
to the 90 buildings assessed, a mean value of the seismic vulnerability
index, Ivf mean, of 28.68 was obtained, with an associated standard de-
viation value, σIvf , of 10.62. Moreover, approximately 16% of the as-
sessed buildings present a vulnerability index value over 40, about 9%
over 45 and 21% have an Ivf below 20. Finally, the extreme values
obtained for Ivf , maximum and minimum, were respectively 56 and 8.
Fig. 10 presents the histogram and the best-fit normal distribution
curves for the global distribution of Ivf (90 buildings) and the individual
influence of each parameter class, Cvi, (Table 3) on the achieved values
for the vulnerability index, Ivf .

Subsequently, these 90 buildings were grouped according to the
intensity map depicted in Fig. 7 and a mean damage grade, μD, was
assigned to each building based on the available post-earthquake da-
mage data. Following this procedure, it was then possible to plot the
histograms obtained for each macroseismic intensity and also the cor-
responding correlations obtained between the four samples considered
and the corresponding vulnerability function given by Eq. (3), shown in
Fig. 11.

Regarding the partial distributions associated with the mentioned
histograms, mean values of 25.95, 26.65, 30.78 and 33.09 were ob-
tained for the Ivf values corresponding to intensities −IEMS 98 = V, VI, VII
and VIII, respectively. Accordingly, the correlated standard deviation
values, σIvf , calculated are 7.63, 8.24, 12.69 and 13.22. Concerning the

Fig. 12. Squared sum of residual values resulting from the application of the original and the 10-Parameters calibrated method for each intensity −IEMS 98.

Table 7
Vulnerability index associated parameters classes and new calibrated weights, pi.

Parameters Class, Cvi Weight Relative

A B C D pi Weight

Group 1. Façade geometry and openings
P1 Façade wall geometry 0 5 20 50 0.50 18.2/100
P2 Wall slenderness 0 5 20 50 0.50
P3 Area of wall openings 0 5 20 50 0.50
P4 Misalignment of wall openings 0 5 20 50 0.50
Group 2. Masonry materials and conservation
P5 Masonry quality 0 5 20 50 2.00 36.4/100
P6 Conservation state 0 5 20 50 2.00
Group 3. Connection efficiency to other structural elements
P7 Connection to orthogonal walls 0 5 20 50 2.00 40.9/100
P8 Connection to horizontal

diaphragms
0 5 20 50 0.50

P9 Connection to roofing system 0 5 20 50 2.00
Group 4. Elements connected with the façade wall
P10 Non-structural elements 0 5 20 50 0.50 4.5/100
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confrontation between the partial results, grouped by intensity, and the
vulnerability curves obtained from the application of the original Ivf
formulation (in Fig. 11), it is clear that, in general terms, the approx-
imation between both was found quite poor. In fact, some points are
significantly shifted from the corresponding vulnerability curves, fact
that may be related with an erroneous (underestimated) attribution of
some of the macroseismic intensities considered in the intensity map of
Fig. 7, hypothesis that is also admitted by the authors [66].

4.4. Calibration of the evaluation parameters

The approximation between the initial point cloud and the pre-
viously referred vulnerability curves was made possible resourcing to
Matlab ® Curve Fitting Toolbox software. In this sense, a weighted least-
squares fitting method was used, varying the parameters weights, pi,
related to the vulnerability index, Ivf . Data fitting techniques require a
parametric model relating the response data to the estimated data (in
Section 4.1) with one or more coefficients. The result of the fitting
process was an estimate of the model coefficients, obtained through the
mentioned least-squares method by minimising the squared sum of
residuals. The residual, calculated through Eq. (7), represents the error
associated with the k th data point, rk, and is defined as the difference
between the observed response value, yk, and the fitted response value
yk .

In order to achieve our goals and improve the curve fit, a weighted
linear least-squares fitting was conducted considering an additional
scale factor (the weight, wI) in the fitting process, whereas two as-
sumptions were considered: the error exists in the response data and not
in the estimated data; the weights provided in the fitting process ade-
quately indicate the differing quality levels presented in the data.

The estimated data collected for higher intensities −IEMS 98=VII and
−IEMS 98=VIII was assumed more reliable since the extension of damage is

easier to observe and adapt to damage grades proposed by the European
Macroseismic Scale [32]. Thus, these weights, wI , were used to adjust the
level of influence each macroseismic intensity has on the estimates of the
fitted coefficients. The squared sum of residuals for a determined intensity
I is given by the following Eqs. (7) and (8).

= −r y yk k k (7)

∑=
=

− −S w r( )I I
i

n

k( ) ( )
1

2
EMS EMS98 98

(8)

where −S I( )EMS 98 is the squared sum of residuals associated to a macro-
seismic intensity −IEMS 98, wI the additional scale factor assumed 15/45 for
intensities −IEMS 98 =V and −IEMS 98 =VI, and 30/45 for intensities −IEMS 98
= VII and −IEMS 98 = VIII, and n is the number of data points included in
each curve fit. This way it was then possible to obtain the parameters
weights pi that, for each intensity −IEMS 98, minimises the overall squared
sum of residuals of all the evaluated macroseismic intensities (see Table 7).
Generally, the obtained weights presented in Table 7 comply with their
relative importance on the typical seismic behaviour of masonry façade
walls, with parameters P5, P6, P7, P8 and P9, which are related to the
quality of the masonry, the conservation state and the efficiency of the
connection between structural elements, respectively, assuming the most
important parts. Notwithstanding this fact, it is important to note that
parameter P8, which is related to the connection between the façade wall
and horizontal diaphragms, counters this tendency recovering its initial
weight (0.50). Two fundamental reasons can be pointed out for this; on the
one hand, all the one-story buildings were assigned with class A and B
(about 75%), assuming this connection perfectly efficient and, on the other

Fig. 13. Global comparison between the original and the 10-Parameter calibrated results.
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hand, this parameter is frequently very difficult to assess in multi-storey
buildings, either in situ or on the basis of post-earthquake survey data. It is
worth adding that, in what concerns to the first reason, there are other
parameters for which this justification is also applicable, namely those
belonging to Group 1. The squared sum of residuals and the comparison
between the global original and the calibrated results were presented side-
by-side in Figs. 12 and 13.

Finally, Fig. 14 shows the comparison between the normal distribu-
tions obtained from the application of the original and the 10-Parameter
calibrated vulnerability index method, reflecting the improvements ob-
tained from the calibration of the parameter weights. As it is possible to
observe in that figure, the calibration process lead to a more balanced
distribution in terms of Ivf . The average values of the vulnerability index,
Ivf , computed from the calibrated normal distribution were 31.16, 35.91,
42.29 and 46.27, whilst the standard deviation values, σIvf , were 12.51,
13.82, 18.98 and 19.94, respectively for intensities of −IEMS 98 =V, −IEMS 98

= VI, −IEMS 98 = VII and −IEMS 98 = VIII.

5. Proposal for the inclusion of three new assessment parameters

As already referred, one of the main objectives of this work is
proposing three new evaluation parameters, aiming at including the
interaction between adjacent façade walls, the replacement of original
timber diaphragms and the presence of external or/and internal ele-
ments that improve the seismic performance of the façade wall.

5.1. Definition of the new assessment parameters

5.1.1. Parameter P5: Interaction between adjacent façade walls
Damage observation from past destructive earthquakes has confirmed

the important role that the interaction between adjacent buildings plays
both on the global structural behaviour and on the development of damage
mechanisms, concentrated at the interaction of interfaces, as shown in
Fig. 15. Therefore, this fact justifies the inclusion of a new parameter P5,
called “Interaction between adjacent façade walls”, which seeks to consider

Fig. 14. Histograms and best-fit normal distribution comparison between the original and 10-Parameters calibrated methods for each intensity, −IEMS 98.

Fig. 15. Examples of localised damages caused by the interaction between adjacent buildings.
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the potential development of concentrated damage at the interface between
adjacent buildings, known as “pounding” effect. In addition, as this type of
damage mechanism is typically observed in low to moderate earthquake
intensities, it is expected that the inclusion of this parameter will result on a
better fit of the vulnerability index method, namely for intensities

−IEMS 98=V and −IEMS 98=VI.
As schematised in Fig. 16, wherein the four classes, Cvi, proposed for

this parameter are defined, the evaluation of parameter P5 is carried
out on the basis of the relative height and position between the façade
wall assessed and the adjacent façades.

5.1.2. Parameter P8: Replacement of the original flooring system
The replacement of the traditional timber horizontal diaphragms for

heavier concrete-based structures is one of the most frequently ob-
served interventions in old masonry buildings, mainly in urban en-
vironment. However, the negative consequences of such intervention
are grossly significant and systematically forgotten. More than com-
promising the structural behaviour of the load-bearing walls for vertical
static loads, the additional load imposed by such diaphragms is fre-
quently responsible for the out-of-plane collapse of the masonry façade

walls, when subjected to horizontal loads (Fig. 17).
Moreover, the connections between these rigid diaphragms and

structural walls are often poor, compromising the desirable box beha-
viour of the masonry building (see for example [70]). This parameter,
hereinafter called “Replacement of original flooring system”, is assessed
through the calculation of the actual percentage, P, of original hor-
izontal diaphragms, as showed in the following Table 8.

5.1.3. Parameter P13: Improving elements
Lastly, the regular presence of singular elements both in old city

centres and isolated masonry buildings, have been identified and
known for their positive contribution on enhancing the seismic beha-
viour of façades, such as the presence of exterior stairs or arches, wall
thickening at the ground floor level or giants (see Fig. 18). Additionally,
the pre-existence of masonry consolidation or strengthening actions,
such as reinforced plasters, depicted in Fig. 18(c), must also be taken
into account. In this sense, this third new parameter P13, referred as
“Improving elements”, was included in order to address this issue.
Table 9 presents the vulnerability classes associated to parameter P13.

Fig. 17. Out-of-plane collapse due to horizontal thrust of concrete floors and poor connection.

Table 8
Vulnerability classes, Cvi, for parameter P8: Replacement of the original flooring system.

Replacement of original flooring system

≤ <P0 25% ≤ <P25% 50% ≤ <P50% 75% ≥P 75%
A B C D

Fig. 18. Examples of the presence of some of the improving elements that should be taken into account on the vulnerability assessment of the façade walls.

DCBA

Fig. 16. Vulnerability classes, Cvi, for parameter P5: Interaction between adjacent façade walls.

Table 9
Vulnerability classes, Cvi, definition for parameter P13: Improving elements.

Improving elements

No improvement Exterior stairs,
arches, giants, etc.

Reinforcement
actions

Strengthening
actions

A B C D
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It is important to note that regarding the late 90's reality of Faial's
building stock, only the presence of exterior stairs was evident. Despite
reinforced plasters has been one of the most widely used retrofitting
technique during the 1998 Azores earthquake reconstruction process
that was experimentally addressed by A.A. Costa et al. [71], such

technique is rarely mentioned on the building individual reports herein
used for the buildings assessment.

5.2. Definition of the new assessment parameters' weights

Following the same exact calibration process described in Section
4.2, resourcing to the weighted least-squares fitting method, updated
weights associated to each one of the three new evaluation parameters
were defined, resulting on the extended 13-parameter version of the
vulnerability index method for masonry façade walls, assembled in
Table 10.

Once again, the weights pi, obtained from the calibration process,
comply with their relative importance over the typical seismic beha-
viour of the façade walls, whereas the parameter related to the presence
of improving elements (parameter P13) is attributed a relative higher
weight. This situation was somehow expected, being in good agreement
with the experimental results presented by A.A. Costa et al. [71],
wherein the already referred strengthening techniques, included in
parameter P13, proved to be quite efficient on improving the global
behaviour of the façade walls. To both remaining assessment para-
meters (P5 and P8), a weight of 0.25 was attributed, becoming this way
the least influential parameters over the final value of Ivf . Regarding the
relative weight of each group of parameters, as in the case of the 10-
parameter formulation, Group 3, which assesses the efficiency of con-
nections between structural elements remains the one that most influ-
ences the final vulnerability index value with a relative weight of 33.3
out of 100 points.

Figs. 19 shows the comparison between the 10-Parameter calibrated
results, the 13-Parameter extended version of the vulnerability index
method and the vulnerability curves corresponding to each of the

Fig. 19. Results obtained from the application of the 10-Parameter and the 13-Parameter extended version.

Table 10
Vulnerability index associated parameters, classes and weights of the new 13-Parameters
proposal.

Parameters Class, Cvi Weight Relative

A B C D pi Weight

Group 1. Façade geometry and openings
P1 Façade wall geometry 0 5 20 50 0.50 16.7/100
P2 Wall slenderness 0 5 20 50 0.50
P3 Area of wall openings 0 5 20 50 0.50
P4 Misalignment of wall openings 0 5 20 50 0.50
P5 Interaction between adjacent façade

walls
0 5 20 50 0.25

Group 2. Masonry materials and conservation
P6 Masonry quality 0 5 20 50 2.00 31.5/100
P7 Conservation state 0 5 20 50 2.00
P8 Replacement of the original flooring

system
0 5 20 50 0.25

Group 3. Connection efficiency to other structural elements
P9 Connection to orthogonal walls 0 5 20 50 2.00 33.3/100
P10 Connection to horizontal

diaphragms
0 5 20 50 0.50

P11 Connection to roofing system 0 5 20 50 2.00
Group 4. Elements connected with the façade wall
P12 Non-structural elements 0 5 20 50 0.50 18.5/100
P13 Improving elements 0 5 20 50 −2.00
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macroseismic intensities −IEMS 98 considered.
Finally, Fig. 20 presents the comparison between both calibrated

versions, this time represented in terms of frequency and normal dis-
tribution.

Finished the final step of the calibration process discussed
throughout the present section, the average values of the vulnerability
index, Ivf , have followed the same tendency verified in step two (from
the original formulation to the 10-Parameter calibrated version), in-
creasing in the four macroseismic intensities analysed; from 31.16,
35.91, 42.29 and 46.27 to 36.22, 41.49, 47.98 and 53.00, for −IEMS 98 =
V, VI, VII and VIII, respectively (see Fig. 20). The final standard de-
viation values obtained for the 13-Parameter extended formulation, σIvf ,
were 14.16, 15.50, 21.08 and 22.95, respectively.

6. Final remarks

The enhancement of large-scale seismic vulnerability methods
through analytical-based formulations is considered a fundamental step
towards increasing the reliability of such techniques. In this sense, the
herein discussed two-step calibration process, which combines an
analysis-based approach, developed on the basis of solid experimental
data, with post-earthquake damage observation data, collected after the
1998 Azores earthquake, is an important and innovative contribution to
the current state-of-art of this kind of simplified seismic vulnerability
assessment methods.

The application of the original seismic vulnerability index for-
mulation for the assessment of masonry façade walls was comprehen-
sively examined, identifying and discussing its main advantages and
limitations. As intended, the calibration of the weights associated with

the parameters that compose the original formulation have significantly
improved the approximation between the vulnerability curve and the
evaluated point cloud. Moreover, this calibration process has widened
the spectrum of vulnerability index range values. Finally, three new
parameters defined on the basis of lessons learned from past destructive
earthquakes were successfully added to the original formulation.

It is important to note that this kind of works, focused on the cali-
bration and validation of seismic vulnerability assessment approaches,
are of particular interest for civil protection bodies and responsible
authorities since they can be used as proficient tools for the seismic
vulnerability assessment of medium to large scale urban areas. In this
particular case, this work can be of great value for the Portuguese
reality since this was the first time that this methodology was calibrated
with data obtained from Portugal and thus unequivocally re-
presentative of Portuguese traditional construction reality, both in
terms of typology and material. From the outputs of this methodology,
escape route, emergency planning and the identification of critical
areas can be spatially identified into a GIS environment with little
computational effort.

As a final note, it is worth noting that further efforts should be
developed in order to enhance the calibration processes discussed in
this paper, particularly regarding the formulation of fragility curves and
the way how such fragility-based results can be used to calibrate the
methodology. In this sense, additional parametric tests focused on the
contribution of the geometry and boundary conditions for the global
seismic vulnerability of the façade walls are desirable. As for the cali-
bration process based on post-earthquake damage data, different case
studies (datasets) should be considered in the future research works in
order to validate or update the proposal presented in this paper.

Fig. 20. Comparison between frequencies and normal distributions of Ivf resulting from the application of the 10-Parameter and 13-Parameter version of the method.
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