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A B S T R A C T   

According to the latest national housing census, masonry buildings represent more than half of the Portuguese 
buildings stock and houses over 40% of the population. Due to their low tensile strength, massive weight, and 
inadequate maintenance, these buildings are prone to damage due to ground shaking. In this study, a charac-
terisation of the geometric and mechanical properties of the two most common types of masonry buildings in 
Portugal (limestone and granite) is presented. This characterisation is based on the detailed revision of technical 
specifications and drawings from more than 200 buildings from different parts of the country. The evaluation of 
the collected data allowed defining statistical models for the most relevant geometric and mechanical properties, 
which can be used in the development of analytical vulnerability models. This study contributes to the under-
standing of the seismic vulnerability of this important type of construction in Portugal, and its results can be used 
directly in seismic risk assessment at the national scale.   

1. Introduction 

According to the Global Assessment Report of the United Nations [1], 
earthquakes are responsible on average for a death toll of 20,000 people 
per year and constitute approximately 20% of the annual economic 
losses due to disasters around the world. Portugal has its past marked by 
tragic seismic events, such as the ~ M8.5 1755 Lisbon, the M6.3 1909 
Benavente, and the M7.8 1969 Algarve earthquakes (e.g. Oliveira [2]). 
These events caused extensive damage in the affected regions, and 
particularly to the masonry construction (Gomes et al. [3]). Masonry 
buildings have been built to withstand gravity loads, and do not perform 
adequately to horizontal actions, such as seismic loads [4]. The perfor-
mance of masonry structures to earthquakes has been the target of 
numerous studies (e.g. Borzi et al. [5], Candeias [6], Villar et al. [7], 
Sumerente et al. [8], Bal et al. [9], Ferreira et al. [10]), which have 
identified several reasons for the characteristic high seismic vulnera-
bility. Some of these include the low tensile strength, the massive weight 
of the structural elements, the poor connection between the vertical and 
horizontal structural elements, irregularities both in plan and height, the 
lack of maintenance and the degradation of the masonry units and 
mortar (i.e. ageing effects). Consequently, the majority of the economic 

and human losses are associated to this type of construction [11-13]. 
According to the latest national housing census [14], masonry 

buildings represent approximately 50% of the building stock in Portugal 
and comprise 40% of the dwellings. The seismic behaviour of Portu-
guese masonry buildings has been investigated in the past by several 
authors [6,10,15-20]. However, despite the usefulness of these past 
studies and their valuable contribution to the understanding of earth-
quake risk in Portugal, several challenges and gaps remain. Most efforts 
focused on particular case studies, and thus not all of the masonry 
building classes have been adequately covered. Moreover, different 
vulnerability derivation methodologies have been used in the past, thus 
preventing a direct comparison of the outcomes due to the associated 
bias of each method (e.g. Silva et al. [21]). In this study, a uniform 
procedure was followed to process the collected data, and the resulting 
statistical model can be used for vulnerability modelling. Finally, 
important sources of uncertainty have been neglected, such as the 
variability in the geometric and mechanical properties typical of this 
building class. Many studies (e.g. [6 18 21]) highlighted the importance 
of including this source of variability in vulnerability modelling for 
building portfolios, as the variability of geometric and mechanical 
properties can affect significantly the associated vulnerability functions. 
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It is thus relevant to further investigate the seismic behaviour of this 
type of construction and produce information that can be used to assess 
and mitigate the associated seismic risk. 

Ideally, earthquake risk models rely on damage or loss data from past 
events, which allows developing empirical vulnerability functions 
establishing the relation between the probability of damage or loss and a 
set of hazard intensities (e.g. Rossetto et al. [22]). However, in countries 
such as Portugal where earthquakes are relatively rare or where a 
destructive event has not happened in the last decades, empirical data 
either not exists, or might be outdated. In these cases, it is common to 
rely on analytical approaches (e.g. D’Ayala et al. [23]) for seismic 
vulnerability assessment. In these methods, numerical models repre-
senting one or multiple building classes are created and tested against 
sets of ground motion records. The structural response of these models 
can be used to derive analytical vulnerability functions (e.g. Martins 
et al. [24], Villar et al. [7]). For the particular case of masonry buildings, 
D’altri [25] and Roca et al. [26] proposed a classification of vulnera-
bility methods based on a literature review. According to these authors, 
most modelling strategies can be classified as 1) block-based models, in 
which masonry is modelled in a block-by-block arrange (e.g. Baraldi and 
Cecchi [27], Foti et al. [28], Petracca et al. [29]) 2) continuum models, 
in which the masonry is modelled as a continuum deformable body with 
homogenised properties (e.g. Degli abbati et al. [30], Valente et al. [31], 
Valente et al. [32]), 3) macro element models, in which the structures is 
discretised through equivalent frames (e.g. Lagomarsino et al. [33], 
Rinaldin et al. [34]), and 4) geometry-based models, in which the 
structure is represented by rigid bodies, and static and kinematic theo-
rems are used to explore the maximum load that the structure can 
withstand (i.e. limit analysis-based solutions, e.g. Chiozzi et al. [35], 
Grillanda et al. [36], Valente et al. [37]). 

The pursue of such approaches requires the availability of detailed 
data regarding the dynamic, geometric, and mechanical properties of 
each building class. This process is particularly challenging for building 
classes due to the need to incorporate the aleatory variability in some of 
the geometric and mechanical attributes. Some examples of past studies 
that characterised these properties for a large number of building classes 

include Bal et al. [9] and Silva et al. [21]. In these studies, hundreds of 
technical specifications and drawings of reinforced concrete buildings 
from Turkey and Portugal were analysed, and statistical models for the 
most relevant geometric and mechanical properties were derived. These 
results were then used to estimate earthquake risk in Istanbul [9] and 
Portugal [21]. 

In the present study, data from the was used to identify the most 
common masonry building classes. Then, technical specifications and 
drawings from over were analysed to derive statistical models for the 
most relevant attributes for vulnerability risk assessment. This study 
advances the current knowledge on vulnerability modelling for masonry 
building for Portugal by 1) identifying the most common masonry 
building classes in Portugal obtained from the analysis of the 2011 
National Housing Census data (INE 2011); 2) investigating more than 
two hundred existing masonry buildings to define the most common 
archetypes, 3) innovatively defining statistical models that include the 
most relevant geometric attributes and 4) reviewing the existing liter-
ature on mechanical properties for this type of construction. The out-
comes from this study are being explored for the development of 
analytical vulnerability functions and the verification of the structural 
capacity through limit analysis (e.g. [35,36,38]), which in turn can be 
employed for the assessment of earthquake risk for Portugal. 

2. The Portuguese masonry building stock 

The National Institute of Statistics (INE) of Portugal performs a 
decennial census across the country, which collects a wide spectrum of 
information regarding the residential building stock. The latest housing 
census survey was performed in 2011, and it provides information at the 
subsection level, which is the minimum area covered during the field 
survey. According to the census data, the proportion of masonry build-
ings, reinforced concrete, and other materials are 51.5%, 47.7%, and 
0.8%, respectively, corresponding to a total of 3,353,610 buildings. The 
types of stone used in the construction of masonry buildings depend 
mainly on the available local materials. Limestone and granite are the 
most common types of stone used in masonry buildings in Portugal [39]. 

Fig. 1. Example of a) limestone, and b) granite masonry buildings.  
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Fig. 1 illustrates examples of typical limestone and granite masonry 
buildings in Portugal. 

Pereira and Romão [39] defined zones according to the predominant 
type of materials used in the construction of vernacular masonry 
buildings in Portugal. The resulting map identifying the most likely type 
of masonry was obtained by crossing information provided by the 
Geological Institute of Portugal [40] and a broad survey carried out by 
the National Association of Architects. In this study, the map developed 
by Pereira and Romão [39] and the data from the national housing 
survey were combined to estimate the fraction of each masonry building 
class in Portugal (see Table 1). At the national scale, there is a notorious 
concentration of masonry buildings in the west of the country, where the 
population density is higher. A density map was created to analyse the 
distribution of unreinforced masonry buildings in Portugal using a 
Quartic Kernel density interpolation (with a pixel size of 0.1 km with a 
search ratio of 1 km), as presented in Fig. 2. This map presents masonry 
buildings with a flexible (timber) and rigid (reinforced concrete, RC) 
floors separately, as this is one of the attributes captured by the national 

housing census. 
RC floors were introduced in Portugal in the beginning of the XX 

century in case of critical deterioration or refurbishment interventions 
(Correia et al. [41]). The influence of the diaphragm on the seismic 
behaviour depends on its flexibility and type of connection with the 
vertical elements. According to Lagomarsino and Magenes [42], the 
replacement of original flexible diaphragms with RC slabs generally 
results in negative consequences such as 1) Higher weight, and hence 
higher seismic demand, 2) Unfavourable redistribution of the seismic 
forces between walls in irregular structures, and amplification of 
torsional effect, 3) Increase of demand on the wall-to-floor connexion. 
Other effects produced by flexible diaphragms are the elongation of the 
fundamental period, multi-mode behaviour, the increase of wall 
displacement demands, development of local mechanisms such as 
pounding in the facades (e.g. Nakamura et al. [43], Moon and Lee [44]). 

This type of construction covers an important part of the territory, 
which is characterised by different levels of seismic hazard. In order to 
understand the exposure of masonry building to seismic hazard, the 
census database was crossed with the seismic hazard map proposed by 
Vilanova and Fonseca [45] for a probability of exceedance of 10% in 50 
years (equivalent to the 475-year return period) on rock, as illustrated in 
Fig. 3. These results indicate that around 50% of the masonry building 
stock is exposed to a mean peak ground acceleration greater than 0.1 g. 
It is worth noting that 0.1 g is a level of ground shaking capable of 
causing moderate damage to this type of construction (see for example 
Candeias [6], Simões [18] or Borzi et al. [45]). 

Limestone and granite masonry buildings were constructed before 
and during the beginning of the XX century. By half of this century, the 
transition to the modern reinforced concrete buildings occurred. In this 
transition period, a concrete slab was gradually incorporated as part of 
the construction practice, first at the level of the ground floor where 
kitchens and bathrooms were often located, and finally as the entire 
inter-storey system. In the southern regions of Portugal, particularly in 
Lisbon, the construction of URM buildings was interrupted after the 
1755 M8.5 Lisbon earthquake. After this event, the mixed wood- 
masonry buildings (locally known as Pombalino, and later the Gaioleiro 

Table 1 
Macro masonry building classes for masonry buildings in Portugal.  

N◦ Attributes Number 
of storeys 

Label Percentage 
(%) 

Lateral load- 
resisting system 

Type of 
Diaphragm 

1 Unreinforced 
masonry with 
limestone walls 

Flexible 1 to 6 URML_F 4.8 
2 Rigid 1 to 6 URML_R 12.3 

3 Unreinforced 
masonry with 
granite walls 

Flexible 1 to 6 URMG_F 7.1 
4 Rigid 1 to 6 URMG_R 19.7 

5 Mixed wood- 
masonry walls 

Flexible 3 to 6 MWMP_F N/A 

6 Others (e.g. 
adobe, schist, 
rubble stone or 
rammed earth) 

Indistinct Indistinct M_O 7.6  

Fig. 2. Density map of URM buildings a) without RC slab and b) with RC slab in Portugal.  
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– Simões [18]) replaced the URM construction temporarily, up to the 
beginning of the last century when the transition to modern reinforced 
concrete buildings started. 

According to Appleton [46], there are three main types of founda-
tions in limestone and granite masonry buildings: direct, semi-direct, 
and indirect. Direct foundations, usually performed in rigid soils, 
consist of a wider extension of the masonry walls in the earth usually 
constructed with poorer quality. Semi-direct foundations comprise a 
system of masonry arches and piers constructed in order to reach deeper 
soil and, therefore, more rigid. Finally, indirect foundations consist of 
wood stakes on which the walls rest superficially. In most cases, the type 
of stone used for the walls is also used for the foundations. Less 
frequently, isolated reinforced concrete footings were also used in ma-
sonry buildings constructed in the transition to the modern reinforced 
concrete buildings (e.g. Sousa [47], Lamego [48]). 

The limestone and granite masonry walls are constructed either with 
irregular or tailored stones and in most cases with lime-sand mortar 
irregular bed joints. Although dry-joined masonry walls can also be 
found, these represent a small portion of the building stock and are 
frequently associated with monuments [44]. In general, masonry 
buildings present a high wall to floor area ratio and a low quantity of 
openings. These features are demonstrated to have a meaningful influ-
ence on the stiffness, fundamental period, load capacity, and energy 
dissipation of the masonry buildings. The importance of these parame-
ters has been addressed in several past vulnerability studies, e.g. 
[21,23,50]. 

Regardless of the type of masonry, the openings are usually topped 
by timber or stone lintels. For the case of masonry buildings with flexible 
floors, the inter-storey system consists of timber beams usually spaced 
between 0.20 and 0.40 m. In some cases, the use of vaults is reported in 
buildings with the higher architectural value. The inter-storey system in 
buildings with rigid floors consists of a simply supported concrete slab 
with a thickness of around 0.10 m, usually reinforced with solely one 
layer of longitudinal steel reinforcement in tension. According to Alegre 
et al. [51], it is not possible to ensure the continuity of the slabs between 
spans, and thus these elements do not work as a continuous floor system. 
Hence, the walls and slabs are not coupled at the intersection (between 
spans), resulting in a higher moment at mid slab spans for gravity loads, 
and higher displacement and flexural moment demand on walls for 
lateral loads. The majority of the roofs present a slope according to the 
weather conditions of the region. A timber framework constitutes the 
roof system and has a ceramic tile finishing jointed with mortar. The 
timber trusses rely directly on the walls, but in some cases, the span 
between the walls can be covered with a masonry vault. This latter case 

is associated with public buildings with higher architectonical value 
[52]. 

3. Characterisation of the geometric properties 

The characterisation of the geometric properties of the masonry 
building stock was performed following three main steps: 1) identifi-
cation of the macro building classes in accordance to the latest national 
housing census, 2) collection of data from drawings and technical 
specifications regarding the geometric properties of existing masonry 
buildings, and 3) definition of statistical models for each geometric 
parameter. As further described in this section, the revision of the 
detailed drawings (and existing literature) also allowed defining the 
most common archetypes for this type of construction. 

3.1. Identification of the macro masonry building classes 

When assessing seismic risk for a region with a large number of 
buildings, it is impractical to define the structural system of each 
building according to its individual structural and non-structural char-
acteristics (Meslem and Lang [53]). The assessment becomes feasible by 
grouping the building stock according to a number of building classes. 
The grouping process is performed based on the overall performance of 
the buildings to seismic actions and the availability of the information 
for the building inventory (Yepes et al. [54]). Previous studies have 
addressed the challenge of defining a building taxonomy for seismic risk 
assessment at different scales: national (Silva et al. [50], Campos et al. 
[55]), regional (Crowley et al. [56]) or global (Brzev et al. [57], Jaiswal 
and Wald [58]) scales. A building taxonomy is expected to have suffi-
cient detail to capture the particularities of each building class according 
to the local construction techniques. Yepes et al. [54] suggested defining 
the building classes according to characteristics that influence the 
seismic performance, such as the main material of construction, lateral 
load-resisting system and the number of storeys. Table 1 lists the macro 
masonry buildings classes defined in the present study, along with the 
respective percentage in the entire residential building stock. The 
building classes defined herein are intended to take advantage of the 
data from the 2011 Census, and therefore the definition of the building 
classes considered the quality and level of detail of the national census 
data. 

3.2. Definition of the geometric properties 

The evaluation of the geometric properties of the limestone and 
granite buildings in Portugal was performed through the analysis of 
drawings and technical specifications from existing masonry buildings. 
From the initial set of over 200 building drawings, 100 cases were 
selected for the limestone buildings, while 85 were used for the granite 
buildings. Several buildings were excluded from these analyses due to 
the lack of detail in the drawings, unusual geometry due to the use of the 
building (e.g. public services), or inclusion of other types of materials (e. 
g. concrete walls). For the data processing, the X-direction was consid-
ered along the façade, while the Y-direction was assumed to be 
perpendicular. Both structural and non-structural walls were analysed, 
in order to allow future studies regarding the assessment of loss of 
functionality or estimation of the amount of debris. The analysis of these 
databases allowed the collection of metrics such as the size of the 
buildings in the two directions, heights, the thickness of the walls, and 
percentages of openings in the façades. 

The collection of a sufficient number of building drawings per 
building class (see Table 1) may lead to an unpractical number of 
samples. To overcome this issue, data from different building classes 
were grouped under the assumption that no statistical differences are 
expected between them. This hypothesis was verified using ANOVA 
(Analysis of Variances) tests [59], which allows testing whether samples 
from different classes can be assumed to belong to the same group. This 

Fig. 3. Percentage of buildings exposed to different levels of seismic hazard 
expressed in terms of PGA (in g) for a probability of exceedance of 10% in 50 
years (equivalent to the 475-year return period) on rock. 
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)b)a

Fig. 4. Distribution of buildings according to the height category for a) limestone buildings, b) granite buildings.  

a) b)

Fig. 5. Dispersion of ground floor height for all building categories of a) limestone, and b) granite masonry buildings.  

)b)a

Fig. 6. Histogram, fitted distribution, and goodness-of-fit results for the ground floor height for a) limestone b) granite masonry buildings.  
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statistical test assumes that the distribution of the residuals follows a 
normal (gaussian) distribution, so when assuming other statistical dis-
tributions (e.g. lognormal), the data was adjusted accordingly. 
Notwithstanding, it was decided to keep the statistical analysis between 
the limestone and granite buildings separated, as one of the primary 
purposes of this study is to provide basic information for the derivation 
of analytical vulnerability functions for each construction type. The 
dispersion of the geometric variables was depicted using boxplots, out-
liers are represented by asterisks. For the definition of the statistical 
models for each geometric variable, normal, lognormal, Weibull, and 
Gamma distributions were considered. The best probability density 
functions for each variable were chosen using the chi-square goodness- 
of-fit test. A similar procedure was followed by Silva et al. [21] and Bal 
et al. [9] for reinforced concrete buildings in Turkey and Portugal, 
respectively. 

For the sake of simplicity and to avoid categories with a small 
number of samples, all buildings were grouped into 4 categories with 
respect to the number of storeys. Henceforth, these groups will be 
designated as building categories, as illustrated in Fig. 4. 

3.2.1. Ground floor height 
The inter-storey height of the ground floor is often different from the 

height of the upper storeys (e.g. Silva et al. [21], Bal et al. [9], 

Sumerente et al. [8]). For this reason, this variable is analysed in this 
section, while the height of the upper flows is covered in the following 
section. Fig. 5 presents the dispersion of the ground floor height for 
limestone and granite buildings, while Fig. 6 depicts the histogram, 
fitted distribution, and the goodness-of-fit results. 

A significant difference between the ground floor height of limestone 
and granite buildings was observed. On average, granite buildings are 
20% higher than limestone buildings. This difference is most likely due 
to the different architectonic and construction practices typical of the 
regions where these buildings are located. As previously mentioned, 
granite buildings are more common in the north of the country, while 
limestone masonry buildings can be found mostly in the centre and 
south of Portugal. Nonetheless, the standard deviation of the ground 
floor height is similar for both cases. 

3.2.2. Upper storeys height 
For the analysis of the upper storeys height, each inter-storey height 

of the upper floors was considered as one data point. Some buildings 
present attics on the uppermost floor, which were not included in this 
study. One-storey buildings were also not considered for the analysis of 
this variable and were included in the previously described variable 
instead. Fig. 7 shows the dispersion of the regular storey height for 
limestone and granite buildings, while Fig. 8 presents the histogram, 

a) b)

Fig. 7. Dispersion of the upper storeys height for a) limestone, and b) granite masonry buildings.  

a) b)

Fig. 8. Histogram, fitted distribution, and goodness-of-fit results for the upper storeys height for a) limestone b) granite masonry buildings.  
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)b)a

Fig. 9. Dispersion of the lengths in X and Y direction for all building categories of a) limestone, and b) granite masonry buildings.  

)b)a

Fig. 10. Histogram, fitted distribution and goodness-of-fit results for the length in the X-direction a) limestone b) granite masonry buildings.  

)b)a

Fig. 11. Histogram, fitted distribution and goodness-of-fit results for the length in the Y-direction a) limestone b) granite masonry buildings.  
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a)               b)  

Fig. 12. Dispersion of wall thickness at the ground floor for a) limestone, b) granite buildings.  

a)             b)

Fig. 13. Histogram, fitted distribution and goodness-of-fit results for the thickness of the walls for a) limestone and b) granite masonry buildings with a number of 
storeys equal or lower than 3. 

                                                 a)                    b)

Fig. 14. Histogram, fitted distribution and goodness-of-fit results for the thickness of the walls for a) limestone and b) granite masonry buildings with more than 
3 storeys. 
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fitted distribution, and the goodness-of-fit results. 

3.2.3. Length of the building in the X and Y directions 
The overall dimensions of the buildings (length in both directions) 

play an important role in the estimation of debris, as the volume of the 
building depends directly on this parameter. Moreover, discrepancies 
between the length in the X and Y directions also allow evaluating 
horizontal irregularities. The ratio of the length in the two directions 

 a) b)

Fig. 15. Wall thickness of each storey per buildings height category for a) limestone, and b) granite buildings.  

 a) b)

Fig. 16. Dispersion of the mean wall thickness reduction for the building height categories for a) limestone and b) granite masonry buildings.  

     a)      b)

Fig. 17. Histogram, fitted distribution and goodness-of-fit results for the mean wall thickness reduction for a) limestone and b) granite masonry buildings.  
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may have an important influence when one direction is four times larger 
than the other (e.g. Tomaževič [60]), and it can influence the seismic 
performance of the structure (e.g. Candeias [6], Borzi et al. [45]). A two- 
way ANOVA analysis was performed in order to identify possible cor-
relations between the lengths in the X and Y directions (i.e., whether a 
large length in one direction means that there is a high likelihood of also 
having a large length in the other direction). The results indicated no 
significant correlation, and, consequently, these variables were 
modelled separately. The relationship between the lengths of the 
buildings in each direction is presented in Fig. 9 for both types of ma-
sonry buildings. Figs. 10 and 11 presents the histogram, fitted distri-
bution and the goodness-of-fit results for the limestone and granite 
buildings in the X and Y directions, respectively. 

3.2.4. Thickness of the walls 
The thickness of the walls is directly related to their in-plane stiff-

ness, which, in turn, plays an important role on the capacity of the 
building to dissipate energy during a seismic event (e.g. Candeias [6], 
Borzi et al. [45], Lovon et al. [61]), the reason why this parameter is also 
analysed herein. Fig. 12 presents the dispersion of the thickness of the 
walls per height category, for limestone and granite buildings. It is 
relevant to note that for the vast majority of the buildings analysed in 
this study, the thickness of the upper storey walls decreases. Such a trend 
is somewhat expected as lower storeys require thicker walls to support 

the weight of the upper storeys. In this section, a statistical model for the 
mean thickness of the walls is presented, and then additional informa-
tion is provided regarding the expected reduction in this variable within 
each building typology. 

The influence of the number of storeys in the mean thickness of the 
walls was tested using the ANOVA analysis. The results suggest that 
there are no statistical discrepancies when grouping all building into two 
subcategories: buildings with 3 or fewer storeys (≤3) and buildings with 
more than 3 storeys (>3). Following this categorisation, a statistical 
model was fitted for each subcategory (see Figs. 13 and 14). 

As previously mentioned, the thickness of the wall tends to be larger 
at lower storeys, and it decreases inversely proportional to the height of 
the building. In fact, only 10.9% and 40.2% of the limestone and granite 
buildings did not present any reduction, respectively. This tendency in 
wall thickness reduction can be observed in Fig. 15, where the mean 
thickness per each storey is presented according to the building height 
categories. 

For mathematical convenience, the wall thickness reduction was 
evaluated instead of the width itself. This reduction is represented by the 
ratio between the wall thickness at the storey under analysis and wall 
thickness of the storey below. The ANOVA analysis did not indicate any 
statistical evidence that the mean wall thickness reduction is influenced 
by the building height category, as presented in Fig. 16. The statistical 
model fitted for this variable is presented in Fig. 17. 

)b)a

Fig. 18. Dispersion in the percentage of openings for the a) façade of the ground storey b) façade of the upper storeys for limestone buildings.  

)b)a

Fig. 19. Dispersion in the percentage of openings for the a) façade of the ground storey b) façade of the upper storeys for granite buildings.  
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)b)a

Fig. 20. Histogram, fitted distribution and goodness-of-fit results for the percentage of openings for a) façade of the ground storey and b) façade of the upper storeys 
for the limestone masonry buildings. 

)b)a

Fig. 21. Histogram, fitted distribution and goodness-of-fit results for the percentage of openings for a) façade of the ground storey and b) façade of the upper storeys 
for the granite masonry buildings. 

a) b)

Fig. 22. Dispersion in the non-structural wall density for a) limestone and b) granite masonry buildings.  
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3.2.5. Percentage of openings in the façade 
The percentage of openings in the façade plays an essential role in 

the seismic performance of the building since the location and the size of 
the openings define the configuration and dimension of the structural 
elements of the walls, i.e. piers and spandrels. The percentage of wall 
openings, associated to their location in the façade, can also trigger 
specific collapse mechanism resulting from the in-plane weakening of 
the wall, a phenomenon well-discussed by Mendes et al. [62]. No sig-
nificant differences were observed between the percentage of openings 

across the different building height categories, but important discrep-
ancies were observed between the percentages of openings for the 
ground floor storey and upper floor storeys. The dispersion of this var-
iable is presented separately in Figs. 18 and 19 for the limestone and 
granite masonry buildings, respectively. 

The statistical models for this variable were also performed consid-
ering the ground floor and upper floor storeys separately, as shown in 
Figs. 20 and 21 for the limestone and granite buildings, respectively. 

3.2.6. Average density of non-structural walls 
This variable represents the ratio between the area of the non- 

structural walls in plan and the total plan area of the building. These 
walls can either present or not continuity in elevation in all floors, but do 
not contribute to the lateral load resisting system of the building. Ac-
counting for these elements is relevant as they might affect the func-
tionality of the building and contribute to the amount of debris in case of 
extensive damage (Jeon et al. [63], Domaneschi et al. [64]). Fig. 22 
presents the dispersion of the non-structural wall density for each 
building height category. Once again, the ANOVA tests did not reveal 
any statistical differences across these categories, and consequently, all 
buildings were analysed jointly. Fig. 23 presents the fitted distributions 
for this variable. 

4. Definition of typical archetypes 

Based on the revision of the building drawings, technical specifica-
tions, existing literature and the statistical information presented in the 
previous section, typical archetypes for the masonry buildings in 
Portugal were identified, as presented in Table 2. These archetypes 
represent typical residential buildings as built originally (i.e. without 
considering any modifications due to commercial activities or retrofit-
ting interventions), and their configuration depends mostly on the 
number of storeys. This information is relevant for the development of 
numerical models representative of these building classes in Portugal. 

Table 3 summarises the random variables used to model the geo-
metric features of limestone and granite masonry buildings. A full 
sampling of synthetic buildings can be achieved by using the afore-
mentioned random variables and the archetypes shown in Table 2, 
allowing the analysis of building-to-building variability (Silva et al. 
[76]) of this portfolio. We note once again that, for some variables, the 
fitting of the statistical model was not satisfactory (as evidenced by the 
low p-value), which indicates that additional data should be collected in 
future studies. 

)b)a

Fig. 23. Histogram, fitted distribution and goodness-of-fit results for the non-structural wall density for a) limestone and b) granite masonry buildings.  

Table 2 
Archetypes for masonry buildings in Portugal.  

N◦ Archetype Elevation view 

1 Buildings 
with up to 2 
storeys. Two 
or three entry 
doors and one 
window at the 
ground storey 
façade. Doors 
and/or 
windows at 
all other 
upper levels. 
Buildings 
with 3–4 
storeys. Two 
or three entry 
doors and one 
window at the 
ground storey 
façade. Doors 
and/or 
windows at 
all other 
upper levels. 

3 Buildings 
with 5 or 
more storeys. 
Two or three 
entry doors 
and one 
window at the 
ground storey 
façade. Doors 
and/or 
windows at 
all other 
upper levels. 
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5. Characterisation of the material properties of masonry 
buildings in Portugal 

Mechanical properties such as the elasticity modulus, compressive 
strength and shear strength of limestone and granite walls are funda-
mental for the assessment of the seismic vulnerability of this type of 
construction. These properties have been studied by several authors in 
the past through destructive, semi-destructive and non-destructive tests 
on masonry walls. For the sake of convenience, the main results from 
these studies have been summarised in Tables 4 and 5 for limestone and 
granite masonry, respectively. 

Significant differences were found across these studies due to the 
inherent uncertainty in the material properties of masonry walls, but 
also due to other factors such as the type of mortar and stone, the level of 
resemblance between units, state of conservation of the masonry spec-
imens, and type of test to assess the mechanical properties (i.e. in-situ 

test versus laboratory conditions). These factors have been compre-
hensively studied by Drysdale et al. [66]. 

The values presented in Tables 4 and 5 demonstrate the high 
dispersion of the mechanical properties of limestone and granite 
buildings. Further experimental research is needed in order to construct 
a robust database of local URM buildings, but also to store and 
disseminate this type of data, as performed for other countries (e.g. 
Augenti et al. [78], Boschi et al. [79], Riahi et al. [80]). 

6. Concluding remarks 

This study presented a statistical assessment of the geometric and 
mechanical properties of limestone and granite Portuguese masonry 
buildings. The evaluation of the distribution of masonry buildings in 
Portugal and recent seismic hazard maps indicated that more than 50% 
of the masonry building stock in Portugal is exposed to at least a PGA of 

Table 3 
Random variables for limestone and granite masonry buildings.  

Random variable Unit Limestone Granite 

Function Mean Std. deviation Function Mean Std. deviation 

Ground floor height m Normal 2.98 0.46 Normal 3.60 0.39 
Upper storeys height m Normal 2.90 0.31 Normal 3.30 0.39 
Length X-direction m Lognormal 6.70 2.70 Lognormal 6.20 0.94 
Length Y-direction m Normal 8.20 2.10 Normal 17.0 3.90 
Wall thickness (≤3 storeys) m Weibull 0.66 0.07 Weibull 0.54 0.11 
Wall thickness (>3 storeys) m Lognormal 0.69 0.08 Normal 0.61 0.11 
Average wall thickness reduction – Gamma 0.15 0.09 Gamma 0.16 0.08 
Opening ratio (ground) – Beta 0.46 0.14 Beta 0.55 0.13 
Opening ratio (upper storeys) – Beta 0.27 0.05 Beta 0.43 0.10 
Non-structural walls density – Gamma 0.026 0.010 Gamma 0.026 0.010  

Table 4 
Existing studies that addressed the mechanical properties of limestone masonry in Portugal.  

Source Elasticity 
modulus (GPa) 

Compressive strength 
(MPa) 

Shear strength 
(MPa) 

Type of test Masonry description 

Pagaimo [67] 0.30 1.00 – In-situ flat-jack test Irregular limestone masonry. Clay and lime mortar. 
Pinho [68] 0.31 0.43 – Laboratory compression test Irregular limestone masonry. Lime and sand mortar 
Vicente [69] 1.71 0.76 – In-situ flat-jack test Irregular limestone masonry. Lime, sand, pebble and 

clay mortar 
Milosevic et al.  

[70] 
1.64 8.01 0.45 Laboratory uniaxial compression, 

and triplet shear test 
Irregular limestone masonry. Hydraulic lime and 
sand mortar 

0.56 7.41 0.22 Irregular limestone masonry. Air lime and sand 
mortar 

Moreira [71] 1.02 1.70 0.29 Laboratory uniaxial, and diagonal 
compression test 

Irregular limestone masonry. Hydraulic lime, sand, 
clay-rich sand and cement mortar 

Simões [72] 2.00 1.89 0.19 In-situ flat-jack test Irregular limestone masonry. Air lime mortar – 
Pombalino Building. 

0.39 0.63 0.13 Irregular limestone masonry. Air lime mortar – 
Gaioleiro Building.  

Table 5 
Existing studies that addressed the mechanical properties of granite masonry in Portugal.  

Source Elasticity modulus 
(GPa) 

Compressive strength 
(MPa) 

Shear strength 
(MPa) 

Type of test Masonry description 

Vasconcelos [73] 1.25 18.4 0.36 Laboratory uniaxial compression and 
cyclic shear wall test 

Irregular granite masonry. Clay and sand 
mortar 

Miranda [74] 0.55 0.50 – In-situ flat-jack test Irregular granite masonry. Non-reported 
mortar 

Almeida [75] 0.34 4.14 – Laboratory uniaxial compression test Partially regular granite masonry. Air lime, 
sand and clay mortar 

0.29 3.93 – Irregular granite masonry. Air lime, sand 
and clay mortar 

Ferreira et al.  
[76] 

0.49 – – Modal identification Regular granite masonry 

Domingues et al.  
[77] 

0.83–1.99 – – In-situ flat-jack test Roughly shaped granite stones. Lime mortar 
and earth  

H. Lovon et al.                                                                                                                                                                                                                                   



Engineering Structures 233 (2021) 111857

14

0.1 g for a probability of exceedance of 10% in 50 years on rock. Most of 
these buildings were constructed more than a 100 years ago, without 
any seismic provisions, and therefore they might not have satisfactory 
seismic performance. A set of drawings for 100 limestone and 85 granite 
buildings were revised to define statistical models for the most relevant 
geometric variables. Moreover, a compilation of previous studies 
regarding the characterisation of the seismic vulnerability of masonry 
buildings in Portugal was carried out. The review of past studies and the 
data herein allowed the definition of a set of archetypes of masonry 
buildings in Portugal. 

Despite the reduced size of the number of buildings thoroughly 
analysed in this study, it is interesting to report some of the trends. On 
average, granite buildings were found to be taller than the limestone 
counterpart, with values of 20% and 14% higher for the ground floor 
and the average upper storeys, respectively. Similarly, the length in the 
Y-direction of granite buildings tends to be higher than in the limestone 
case. However, the length in the X-direction of both building classes is 
quite similar. For what concerns the thickness of the walls, limestone 
masonry presented on average 17% higher values than the granite walls. 
Moreover, in both classes, a clear trend in wall thickness reduction was 
observed with the total number of storeys of a building (i.e. lower sto-
reys present thicker walls than upper storeys). Finally, regarding the 
percentage of openings, granite buildings presented higher percentages 
for the ground level (i.e. 20%) and upper level (i.e. 60%) storeys. 

This information can be used as input information for the develop-
ment of numerical models to assess the seismic vulnerability of this type 
of construction in Portugal, as demonstrated in Silva et al. [50] for 
reinforced concrete buildings. The authors recognise the need to expand 
the current database of building drawings to increase the reliability of 
the statistical models defined herein. For this reason, the data that has 
been compiled in this study is available in a public repository at GitHub 
(https://github.com/holgermlq/Limestone-and-granite-masonr 
y-database-Portugal), thus allowing the broader scientific community to 
explore the datasets directly, as well as to add additional information 
that can be used to revise the current statistical models. 

CRediT authorship contribution statement 

Holger Lovon: Conceptualization, Methodology, Formal analysis, 
Investigation, Writing - original draft, Writing - review & editing. Vitor 
Silva: Conceptualization, Methodology, Writing - original draft, Writing 
- review & editing, Supervision. Romeu Vicente: Conceptualization, 
Methodology, Writing - original draft, Writing - review & editing, Su-
pervision. Tiago Miguel Ferreira: Conceptualization, Methodology, 
Writing - original draft, Writing - review & editing, Supervision. Alex-
andre A. Costa: Conceptualization, Methodology, Writing - original 
draft, Writing - review & editing, Supervision. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This study was supported by the Foundation for Science and Tech-
nology (FCT) in the framework of the doctoral programme Infrarisk - 
Analysis and Mitigation of Risks in Infrastructures (PD/BD/150406/ 
2019) and the research project PTDC/ECI-EST/31865/2017 MitRisk - 
Framework for seismic risk reduction resorting to cost-effective retro-
fitting solutions. 

References 

[1] United Nations Office for Disaster Risk Reduction (2019). Global Assessment 
Report on Disaster Risk Reduction, Geneva. Technical report UNDRR. 

[2] Oliveira C. A simicidade historica e a revisao do catalogo sismico, Laboratorio 
Nacional de Engenharia Civil, Proc. 36/11/7368, Lisbon (in Portuguese), 1986. 

[3] Gomes F, Lima A, Carlos G, Correia M. Seismic Retrofitting: Learning from 
Vernacular Architecture, CRC Press / Balkema / Taylor & Francis Group, United 
Kingdom, 2015. 

[4] Valente M, Babieri G, Biolzi L. damage Assessment of three mediaeval churches 
after the 2012 Emilia earthquake. Bull Earthq Eng. 2017;15:2939–80. 

[5] Borzi B, Crowley H, Pinho R. The influence of infill panels on vulnerability curves 
for RC buildings. In: The 14th World Conference on Earthquake Engineering, 
Beijing, 2008. 

[6] Candeias P. Avaliação da vulnerabilidade sísmica de edifícios de alvenaria, Ph.D. 
Thesis Universidade do Minho, Guimaraes, 2008. 

[7] Villar M, Silva V, Crowley H, Yepes C, Tarque N, Acevedo A, et al. Development of 
a fragility model for the residential building stock in South America. Earthq 
Spectra. 2017;33:581–604. 

[8] Sumerente G, Lovon H, Tarque N, Chacara C. Assessment of combined in-plane and 
out-of-plane fragility functions for adobe masonry buildings in the Peruvian Andes. 
Front Built Environ 6(20):52. 

[9] Bal I, Crowley H, Pinho R. Displacement-based earthquake loss assessment: Method 
development and application to Turkish building stock, ROSE Research report 
2010/02. Pavia: IUSS Press; 2010. 

[10] Ferreira T, Vicente R, Silva J, Varum H, Costa A. Seismic vulnerability assessment 
of historical urban centres: case study of the old city centre in Seixal Portugal. Bull 
Earthq Eng 2013;11:1763–73. 

[11] Kaplan H, Bilgin H, Yilmaz S, Binici H, Öztas A. Structural damages of L’Aquila 
(Italy) earthquake. Nat Hazards Earthq Syst 2011;10:499–507. 

[12] Oyguc R, Oyguc E. Van Earthquakes: Lessons from Damaged Masonry Structures. 
J Perform Constr Facil 2017;31:5. 

[13] Fiorentino G, Forte A, Pagano E, Sabetta F, Baggio C, Lavorato D, et al. central Italy 
earthquakes. Bull Earthq Eng 2016;16(2018):1399–423. 

[14] Instituto Nacional de Estatística, Census data 2011 available at http://censos.ine. 
pt/. Lisbon, 2011. 

[15] Campos A, Sousa M, Carvalho A, Coelho E. Evaluation of seismic risk and 
mitigation strategies for the existing building stock: application of LNECloss to the 
metropolitan area of Lisbon. Bull Earthq Eng 2010;8:119–34. 

[16] Coelho E. Reabilitação sísmica de estruturas de edifícios, 3rd ENCORE. Lisbon: 
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