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Abstract
According to the 2011 National Housing Census, masonry buildings comprise more than 50% of the Portuguese building stock. This type of construction has demonstrated a poor performance during the destructive events that struck Portugal in the last century (e.g., 1909 M6.3 Benavente, 1969 M7.8 Algarve, 1980 M6.9 Azores). While some efforts have been made towards the vulnerability assessment of individual masonry buildings or the residential building stock at the national scale, this building class has been the target of limited research. In this study, a comprehensive database of material and geometric properties of granite and limestone buildings was used to generate complex 3D numerical models. These models were subjected to nonlinear time history analysis to derive fragility curves considering the record-to-record and building-to-building variability. The structural damage was defined using two novel engineering demand parameters, and the resulting fragility functions were compared against other existing models. These results can be used directly to generate earthquake scenarios at the country scale or in probabilistic seismic risk analysis to identify regions where risk reduction measures should be prioritized.
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1. Introduction
Continental Portugal is characterized by low-to-moderate seismic hazard [1], concentrated in the Southwest part of the country (primarily due to strong offshore magnitude events) and in the Lower Tagus Valley region (where the country’s capital is located). The Portuguese building stock has suffered significant damage in past earthquakes, including the 1722 ~M6.0 Algarve, 1755 ~M8.5 Lisbon, 1909 M6.3 Benavente, and 1969 M7.8 Algarve [2,3] events. Silva et al. [4] performed a probabilistic seismic risk analysis for the country and estimated an average annual loss equivalent to 0.29% of the national gross domestic product. According to Silva et al. [4], masonry buildings are responsible for 79 % of the economic earthquake risk , while representing about 51.5% of the total building stock [5].
Several empirical and analytical studies have highlighted the high seismic vulnerability of this type of construction [6–12], mainly due to the low tensile strength, high specific weight, poor wall-to-wall and wall-to-slab connections, structural irregularities in height and plan, and the lack of maintenance. Most of the masonry buildings were constructed without seismic provisions or under old design codes that covered only gravity loads [13]. Limestone and granite buildings are the most common stone masonry buildings in the northern and southern parts of Portugal, respectively. Some aspects of this type of construction, such as the geospatial distribution [14] and mechanical properties, have been investigated in previous studies [15–19]. The work of Bernardo et al. [3] is particularly important on this regard, as it covered a multitude of masonry building classes, and developed fragility functions in terms of interstorey drift. Recently, Lovon et al. [20] performed a detailed geometric characterization of limestone and granite buildings considering a database of 200 buildings, which allowed the development of statistical models to represent the most relevant geometric and material parameters. Some fragility assessment studies have also covered this type of construction in Portugal [10,21,22]. However, most of the past efforts focused on individual case study buildings, thus neglecting some typologies and limiting the inclusion of the building-to-building variability. Currently, a reliable and comprehensive fragility model for the overall masonry building stock in Portugal that can be combined with existing ground motion models does not seem to exist.
The development of fragility models can follow two main approaches: empirical and analytical (e.g., Yepes et al. [23]). The former approach is impractical for countries with infrequent destructive events such as Portugal due to the lack of damage data.  The latter approach allows modeling any structural system considering large sets of ground motion records, despite the limitations of some of the numerical elements. In this study, three-dimensional multi-degree-of-freedom models were developed to represent 1-4 stories masonry building classes. These models were generated considering the statistical distribution of the material and geometric properties [20,24]. The numerical analyses were performed using the LS-Dyna software [25,26], applying a cohesive element-based simulation approach. In order to go beyond the usual definition of fragility functions for a set of damage states, we followed a modeling procedure that explicitly allows the quantification of the evolution of cracks and structural collapse. This is fundamental for the estimation of risk metrics such as volume of debris, fatality rates, repair costs, and identification of optimal retrofitting interventions. The models consist of elastic finite element (FE) blocks joined by cohesive elements [27,28]. This modelling approach allowed an automatic quantification of the structural damage, while maintaining a satisfactory numerical stability and a reasonable computational time. Further information regarding modelling strategies of masonry buildings can be found in [13,29]. 
These models were subjected to nonlinear dynamic analyses using a suite of ground motion records selected considering the tectonic environment of the country and seismic hazard disaggregation. For each ground motion record and numerical model, the structural response (expressed in terms of percentage of cracked wall area and volume of loss) was computed. These engineering demand parameters (EDPs) were used to define the statistical parameters of each fragility function through cloud analysis [30]. These results were compared with similar models from the literature and used to estimate seismic risk metrics that reflect the annual probability of sustaining moderate damage and collapse. The fragility functions proposed herein can be used in earthquake scenarios or probabilistic damage assessment, which are fundamental tools for the development of seismic risk reduction measures.
2. Characterization of the masonry building stock
2.1. The Portuguese masonry building stock
In 2011, the building stock in mainland Portugal was comprised of 3,353,610 buildings, according to the National Housing Census (INE 2011 [5]). Masonry buildings represent 51.5% of the building stock and shelter approximately 40% of the population. The type of stone used for the construction of masonry buildings usually depends on the locally available materials. Most of the masonry buildings were constructed before and during the XX century, as depicted in Figure 1. Moreover, about 50% of the masonry building stock is exposed to a peak ground acceleration (PGA) for the 475-year return period on rock greater than 0.1g (according to the seismic hazard model proposed by Vilanova and Fonseca [1]); a level of ground shaking capable of producing moderate damage to this type of construction [20].
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   Fig. 1 Number of buildings according to the period of construction and seismic hazard for the 475-year return period on rock according to [1] (building stock data from INE [5])
Limestone and granite buildings are the most common types of masonry buildings across the country [14]. Figure 2 illustrates typical limestone and granite masonry buildings located in Lisbon and Porto, respectively.
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Fig. 2 Example of a) limestone and b) granite masonry buildings.
There are some variations of this type of construction present in Portugal. After the 1755 M8.5 Lisbon earthquake, a specific kind of building was introduced in the construction practice in Southern Portugal: “Pombalino” and “Gaioleiro”. The former consisted of masonry limestone elements embedded in a timber framework. Its quality decreased gradually and was eventually replaced by the “Gaioleiro” building, characterized by a poor timber framework [31]. These buildings represent a small portion of the national building stock and are mostly located in Lisbon. For this reason, they have not been covered in the present study, and additional information about the seismic vulnerability of this specific type of construction can be found in Simões et al. [21], Mendes and Lourenço [32],  and Gonçalves et al. [33]. Similarly, by the mid-XX century, reinforced concrete (RC) was gradually incorporated in masonry construction [31,34], first in the kitchens and bathrooms and then in the entire floor of the building. With the development of commerce in city centers, some masonry buildings were structurally modified to enable wider spaces for commercial purposes, often achieved through demolishing internal walls and incorporating steel or RC frames in their interior. This type of mixed masonry buildings is less frequent in the country and was also not covered herein. Specific studies that cover the seismic vulnerability of mixed masonry buildings can be found in Lopes et al. [35–37] and Milosevic [11]. Other types of masonry buildings in Portugal include adobe, schist, and rammed earth (taipa), but are far less common.
2.2. Geometric and mechanical characterization of the masonry building stock
An extensive characterization of the geometry of the masonry building stock was performed by Lovon et al. [20], the latter study also provides access to a public online repository with all the data herein employed. This study proposed statistical models to represent the most relevant geometric properties of limestone and granite buildings, thus enabling the generation of synthetic building archetypes. This process allows the consideration of the building-to-building variability in fragility and vulnerability assessment. The geometric parameters are summarized in Table 1 for limestone and granite masonry buildings, further information about the definition of these properties can be found in Lovon et al. [20]. Similar studies have been performed for some masonry building classes in Portugal [19], and RC buildings in Turkey [38] and Portugal [39].
Regarding the mechanical properties of the structural elements of limestone and granite masonry buildings, several experimental campaigns were performed in the past [40–49]. The focus of these studies varied significantly, spanning from the testing of single bricks or mortar, to entire walls or full-scale buildings. The large uncertainty inherent to the mechanical properties of masonry buildings is evident by the large differences found amongst past studies. This uncertainty is due to the diversity in the type and composition of mortar, the level of resemblance between units, the construction procedure, the transversal composition of the wall, the state of conservation, and the characteristics of the experimental campaign (e.g., configuration and velocity of the loading, the type of specimen (i.e., in-situ or laboratory), and procedure to compile the results). The review of the past experimental results for each mechanical property excluded clear outliers and allowed the selection of the parameters based on the similarity with the type of construction covered herein. Table 2 summarizes the mean mechanical properties employed in the numerical modeling, as well as the source of the proposed parameter.
Table 1 – Geometric features 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 stories 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 stories)
	m
	Weibull
	0.66
	0.07
	Weibull
	0.54
	0.11

	Wall thickness (>3 stories)
	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 stories)
	-
	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 2 – Mechanical properties for limestone and granite masonry buildings
	Element
	Description
	Unit
	Limestone
	Granite
	Source

	Bricks
(solid elements)
	Elasticity modulus
	GPa
	0.76
	0.93
	Lovon et al. [20]

	
	Poisson ratio
	-
	0.30
	Alshawa et al. [28]

	
	Static coefficient of friction
	-
	0.80
	Bakeer [50]

	
	Dynamic coefficient of friction
	-
	0.60
	

	
	Penalty stiffness factor
	-
	1.00
	Alshawa et al. [28]

	
	Density
	kg/m3
	1800
	Lovon et al. [20]

	Mortar
(cohesive elements)
	Normal failure stress
	MPa
	0.12
	0.15
	Lovon et al. [20]

	
	Shear failure stress
	MPa
	0.12
	0.15
	

	
	Normal energy release rate
	N/m
	30.00
	36.00
	Herein calibrated

	
	Shear energy release rate
	N/m
	30.00
	36.00
	

	
	Normal stiffness
	GPa
	0.76
	0.93
	Lovon et al. [20]

	
	Tangential stiffness
	GPa
	0.76
	0.93
	

	Beams
	Timber elasticity modulus
	GPa
	7.00
	Moreira et al. [47]

	
	Compressive strength
	MPa
	16.00
	


3. Framework for seismic fragility assessment
Fragility functions define the probability of exceeding a set of damage states conditional on a ground motion intensity measure (IM) [51]. The procedure adopted in this study for the derivation of fragility functions is illustrated in Figure 3. It consists of using the geometric and material parameters from Tables 1-2 to generate either a single model, or a random population of buildings, thus allowing the propagation of the building-to-building variability, as further described in Section 3.1. These models were assembled through an automatic process that generates the input models to the LS-Dyna software, as described in Section 3.2. A set of 30 ground motion records were selected in agreement with the tectonic environment and seismic hazard disaggregation for the country, as explained in Section 3.3. The statistical parameters of the fragility functions were derived through the so-called cloud analysis [30], as demonstrated in Section 3.5. Finally, given the lack of empirical data to validate the numerical models and resulting fragility functions, our results were compared to some experimental results as shown in Section 4, and used to compute two seismic risk metrics. To this end, seismic hazard curves from the hazard model proposed by Vilanova and Fonseca [1] were computed, as presented in Section 3.6. A similar approach for the generation of fragility functions has been proposed by Erberik [7], Silva et al. [52], and Villar et al. [53] for masonry buildings in Turkey, reinforced concrete structures in Portugal, and common building classes in South America, respectively.
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Fig. 3 Representation of the procedure adopted for the derivation of fragility functions.
3.1. Generation of numerical models
The random generation of numerical models following a set of random variables (see Tables 1-2) is a particularly challenging task for masonry buildings due to the vast diversity of geometric configurations. During the review of building design drawings described in Lovon et al. [20], three main façade configurations were identified for limestone and granite buildings. These configurations are defined according to the disposition of the windows (W) and doors (D) in the following manner: DW, DWD, and DWDD, as illustrated in Figure 4 (blue lines indicate the range of area of the openings). The size of the openings was limited to the range of values observed during the data gathering process. The doors can have a length between 1.0 and 1.8 m and a height between 2.0 and 2.4 m, while the windows are limited to a length between 0.8 and 1.4 m and a height between 1.0 and 1.8 m. Along the geometric characterisation performed in Lovon et al. [20], it was found that around 88% of the buildings has gable walls, either on the main façade or on the side walls. This percentage was used to generate the numerical models.
 
 Fig. 4 Range of openings area (indicated by the blue lines) and corresponding architectural configuration.
When a random family of buildings is generated, the first step of the procedure consists of sampling an openings ratio (i.e., the ratio between the area of openings in the façade and the area of the façade modeled as a random variable), height, and façade length for the first story. The area of the openings is calculated based on the previous variables, and a façade configuration is defined according to the ranges defined in Figure 4. For example, if the combination between the length of the façade and the ratio of the openings leads to an opening area of 10 m2, then the DWD façade configuration is selected. Once the type of façade is defined, the dimensions of the windows and doors are computed, ensuring that the sampled openings area remains the same. The upper stories are assumed to have the same number of openings as the first story. The sampling process is performed following a Monte Carlo simulation.
3.2. Numerical modeling
Significant efforts regarding the computational analysis of masonry structures have been made in the last decades [13,29,54]. However, most of these efforts focused on the structural analysis of masonry buildings until near-collapse, while this work aims at considering the extent of the collapse. The approach proposed herein is intended to model both the collapse mechanism and the propagation of wall cracking and use this information as the engineering demand parameters (EDPs). This strategy consists in uniformly discretizing the building into interlocked block elements connected by cohesive zero-thickness elements. Due to a large number of blocks per model, the complexity of the building geometry, and the number of analyzed buildings, this procedure was implemented by means of algorithms that automatically use the geometric and mechanical properties to define the characteristics of each building and generates the LS-Dyna input model, as depicted in Figure 5. For each building, a single gravity file was created in order to analyze the overall set of records. Each time a record is analyzed, it starts from the outcome of the gravity model. The approach herein proposed allows modelling both the in-plane and out-of-plane failure, as illustrated in Table 3.

Fig. 5 Procedure for the automatic generation of LS-Dyna input model.
To reduce the computational effort and increase numerical stability, the blocks were assumed to have an elastic behavior, thus inelastic deformations concentrate in the joint between blocks. The MAT_COHESIVE_MIXED_MODE element was used to model the cohesive material in the joints between blocks. This numerical element displays a linear behavior followed by a linear softening and quadratic mixed-mode damage formulation [26]. This modelling strategy has been successfully employed in the past for structural analysis of masonry buildings (e.g. [27]), and calibration of laboratory test (e.g. [28]), for but the application for fragility and vulnerability analysis is incipient. Failure mechanism on cohesive elements is evaluated by means of the Eq. 1:


	 	Eq. 1
Where  and  are the tensile and shear stress in the interface, and  and  are the maximum tensile and shear strength, respectively. After the failure of the cohesive elements, the blocks are released, and the software employs contact search algorithms to identify which blocks were affected, and thus are now in contact with adjacent blocks. The penalty stiffness approach is used for the treatment of elements in contact, as this modeling strategy has shown high numerical stability for the assessment of explicit collapse [25,26]. The method consists in verifying, at each time step, the projection distance of the slave node into the master segment. After that, if the slave went into the master segment, a spring is allocated in the corresponding node. The stiffness of the spring is calculated as the product of the elasticity modulus of the blocks, the size of the segments, and the penalty stiffness factor. The spring has the intention to model the reaction forces generated from the contact between blocks. Finally, Coulomb friction was considered for slave nodes sliding above master segments.
The simulation of the effect of the floor diaphragm depends mainly on the stiffness and the quality of the connection with the walls. The timber slab was modeled as a set of compression-only linear springs in order to represent a common type of floor for this type of building. Figure 6 shows sampled masonry buildings with different percentage of openings. Figure 7 shows an example of a numerical model automatically generated. An interlocking effect is introduced by shifting the blocks in the horizontal plane.
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Fig. 6 Sampled buildings exhibiting different percentage of openings
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Fig. 7 Numerical model of a DDWD building type: a) front view, b) side view, and c) plan view.
It is worth noting that masonry buildings in Portugal are commonly build adjacent to other structures, which may enhance or worsen the performance of the building depending of its location in the blocks. This effect was not explicitly accounted in this study due to the enormous computational effort required to include adjacent structures. Additional information about the potential impact of adjacent buildings can be found in [14] or [55]. Finally, we also note that interior walls were not explicitly modelled in this study. From the review of several building drawings [20], we noted that the connections between exterior and interior walls were not ensured, and represented only a small portion of the built up area. 
3.3. Selection of ground motion records
A set of 30 ground motion records were selected from the European Strong Motion database, considering the tectonic environment of the country and the results from a seismic hazard disaggregation. All records were recorded on rock conditions. Portugal is characterized by moderate-to-strong magnitude events located offshore (southwest of the country) and low-to-moderate magnitude events located mostly along the Tagus Valley (e.g., Vilanova and Fonseca [1]). Seismic hazard disaggregation analyses were performed for the most populous cities to identify the combinations of magnitude and site-to-source distances affecting them. Using this information, ground motion records from stable continental and active shallow regions were selected. In order to guarantee several records with strong ground motion, some of the records were scaled considering a maximum factor of 2. Figure 7 shows the response spectrum of the selected ground motion records in both directions. The fragility functions were defined in terms of spectral acceleration at 0.4 seconds (a period close to the yielding period of the various building types – e.g., Silva et al. [52] and average spectral acceleration (which is an IM that has demonstrated a superior sufficiency and efficiency in several studies – e.g., [56–58]). Both horizontal components of the ground motion records were considered in the numerical analyses.
a) b)
Fig. 7 Response spectra of records, a) N-S direction, b) E-W direction
3.4. EDPs and damage criterion
The vast majority of the past vulnerability studies have used EDPs such as maximum inter-story drift ratio (e.g., [6,59]) or the maximum global drift (e.g., [59–61]) to allocate buildings into damage states. Such an approach is particularly convenient when using simplified models to simulate the structural response of a building portfolio, such as single-degree-of-freedom oscillators (e.g., Villar et al. [53]) or mechanical models. However, the use of detailed 3D finite-elements models (such as those presented herein) enables the consideration of EDPs with a stronger correlation to the actual damage. Moreover, the consideration of an EDP such as the maximum inter-story drift ratio could lead to biased results due to localized damage. 
In this study, we considered the cracked walls ratio (CWR) and the volume of loss ratio (VLR) as the EDPs to relate structural response with a set of damage states. CWR is defined as the ratio between the area of elements with ruptured connections and the total wall area, while the VLR is defined as the ratio between the volume of damaged elements and the total volume of the walls. A recent study by Cattari and Angiolilli [62] also supported the use of the spread of damage as an EDP to allocate buildings into specific damage states.
To ensure that the results presented herein are comparable with existing fragility models and compatible with past damage observations, we adopted the damage states from the European Macroseismic Scale (EMS98 – Grunthal 1998). This scale has five damage states (DSs): negligible to slight (DS1), moderate (DS2), substantial to heavy (DS3), very heavy damage (DS4), and destruction (DS5). The cracked wall ratio was used to define DS1 and DS2, as these DSs are governed by the density of cracks across the building. The volume loss ratio was used to define DS3, DS4, and DS5, as these damage states are related to the partial or complete loss of structural elements. The damage thresholds were defined based on the descriptions and illustrations of the EMS98 (Grunthal 1998), as well as from So’s work [63], which proposed specific VLRs for different buildings classes. The EDPs proposed herein can be applied to other masonry structures regardless of their size and complexity, as both parameters are normalized either by the surface area or volume of the building. For the calculation of these EDPs, we developed an algorithm in the LS-Prepost [64] module to automatically calculate the cracked area and the volume loss.
Table 3 – Damage threshold applied to a DWD building type
	Damage state
	EDP
	Damage threshold
	Illustrative damage
	EDP value of the illustration

	1
	Cracked wall ratio 
	0.15
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	0.14

	2
	
	0.25
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	0.29

	3
	Volume loss ratio
	0.10
	
	0.11

	4
	
	0.25
	
	0.26

	5
	
	0.60
	
	0.41


3.5. Derivation of fragility functions
A cloud analysis procedure was used to calculate the statistical parameters of the fragility functions [30]. This method has been employed in several fragility assessment studies due to the low computational effort and the capability to incorporate a wide range of uncertainties such as the record-to-record and building-to-building variability [30,65,66]. The first step in the methodology consists of estimating a best-fit curve between log(IM) and log(EDP). We estimated this curve using the maximum likelihood method with a censored regression [61]. Homogeneity of variance is assumed for the IM-EDP relationship, and the expected value of log(EDP) and associated standard deviation can be described by the formulae below:

		Eq. 2
Where  is the expected logarithm of EDP given an IM,  and  are the regression parameters of the best fit curve,  is the logarithmic standard deviation of the distribution of log(EDP) given log(IM), and  corresponds to the -th value obtained from the nonlinear dynamic analyses. If only one structure (i.e., numerical model) is used for the dynamic analysis, then the  only represents the record-to-record variability (). If multiple structures are used, then the  covers not only the variability due to the ground motion records but also the building-to-building variability (). Since these two variables are not correlated,  can be expressed as:

		Eq. 3
Considering both sources of variability in the fragility derivation process requires running hundreds of nonlinear dynamic analyses, whose computational burden might be cost-prohibitive when using complex 3D models. For this reason, it was decided to consider multiple structures for a single building class (3-story limestone buildings) to explicitly estimate both the  and . For the remaining typologies, we considered the full suite of ground motion records, but only one representative structural model. For these typologies,  was estimated using the standard deviation from the best-fit curve and the   computed for the 3-story limestone building class, as further explained in this section.
The probability of exceeding a given damage state conditional on an IM (P[EDP≥dsi|IM]) can be computed using the statistical parameters defined by Eq. 2 and the following expression:

		Eq. 4
Where  is the cumulative standard normal distribution and  is the EDP damage threshold for the respective damage state. This procedure is depicted in Figure 8. The blue line represents the best fit curve in the log space. Three IMs are shown with their corresponding expected value , assumed to be the mean of the Gaussian distributions with a constant standard deviation. The probabilities of exceedance are calculated as the shaded area above the damage threshold for each IM. These probabilities are plotted with their corresponding IM in Figure 8 b). The parameters of a cumulative lognormal function can then be computed using these results.
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Fig. 8 Schematic fragility assessment procedure a) probability of exceedance for 3 IMs for a damage state i, b) Fragility curves for damage state i.
For the selection of the IM, we tested PGA and SA ranging between 0.1 and 1.5 secs. The IM exhibiting the higher efficiency (i.e., lower logarithmic standard deviation of the fragility function - ) was chosen for the definition of the fragility functions. In addition to these common IMs, average spectral acceleration (AvgSA) was also considered. AvgSA is defined as the geometric mean of the spectral accelerations within a relevant interval of periods. We considered an interval between 0.2T and 1.5T, as recommended by [56,57,67]. We assessed which central period, T, led to higher efficiency, considering a range between 0.1 to 1.5 sec. As indicated in Table 3-4, for most building classes, SA at 0.4 sec and AvgSA with a central period of 0.5 sec led to a satisfactory efficiency. PGA led to higher efficiency for the 1-story typologies (characterized by a low elastic period of vibration). These results highlight the stronger correlation between PGA and stiffer buildings (i.e., with 1 story), and SA at longer periods for more flexible structures, whose period of vibration tends to elongate once structural damage occurs. 
As previously described, the evaluation of the building-to-building variability can be performed by sampling several buildings. This analysis was carried out for 3-story limestone buildings with 20 randomly generated numerical models, sampled according to the procedure described in Section 3.1. It is important to note that a greater number of samples might be required to properly propagate the building-to-building variability ([19,68]), but such sensitivity analyses were out of the scope of this study. Through cloud analysis, we calculated the record-to-record variability ( for each building (as indicated in Eq. 1). The best fit curve for each individual building according to the two EDPs is presented in Figure 9. Then, we performed the same calculation considering simultaneously the entire set of randomly sampled buildings. In this case, the resulting  includes both the record-to-record and the building-to-building variability. The building-to-building standard deviation can be explicitly calculated by isolating the term  from Eq. 2. The resulting standard deviations for the 3-story limestone buildings are shown in Table 4.
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Fig. 9 Best linear fit for a) Crack propagation level and b) volume loss. The red dashed line is the best fit for the overall data, while the black-continuous line represents the best fit for each building.
Table 4 –  values for 3-story building class
	EDP
	
	
	

	Cracked wall ratio 
	0.26
	0.16
	0.31

	Volume loss ratio
	1.28
	0.74
	1.48



These results indicate a higher contribution from the record-to-record variability to the total variability, which is in agreement with past studies that have assessed the impact of these sources of uncertainty in probabilistic risk metrics [69]. Moreover, the building-to-building variability estimated herein is identical to the values provided by Casotto et al. [70] and Silva et al. [59] for Italian and Portuguese RC buildings. 
4. Results
The procedure described in Section 3 was applied to each building class, considering the damage thresholds presented in Table 3. Figures 10 and 11 present the fragility functions for the limestone and granite masonry buildings in terms of the conventional IMs, while Table 3 and 4 include the logarithmic mean (μ) and logarithmic standard deviation (σ) for each building class for both IMs. In order to compare our results with proposals from the literature, functions for similar building classes were included in Figure 10 and 11. These include the fragility functions proposed by Borzi et al. [8] for Italian masonry buildings and the fragility functions developed by Martins and Silva [61] for global risk analysis. We note that other fragility functions can be found in the literature (e.g., [12,71,72]), but we focused on models for building classes (as opposed to single buildings) and whose structural capacity was similar to the one analyzed herein. It should be noted that these existing models were not originally defined in terms of the IMs used herein. Therefore, conversion factors were applied using the mean response spectrum of the suite of ground motion records described in Section 3.3.
a) [image: ] b)[image: ]
c)[image: ]  d)[image: ]
Fig. 10 Fragility functions for a) 1-story, b) 2-story, c) 3-story, and d) 4-story limestone masonry buildings. Continuous lines show results from the present study and dashed lines curves from Borzi et al. [8] and Martins and Silva [61]
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Fig. 11 Fragility functions for a) 1-story, b) 2-story, c) 3-story, and d) 4-story granite masonry buildings. Continuous lines show results from the present study and dashed lines curves from Borzi et al. [8] and Martins and Silva [61].
Table 3 – Fragility function parameters for limestone masonry buildings
	Building class
	IM
	Negligible to slight
	Moderate
	Substantial to heavy
	Very heavy
	Destruction 

	
	
	
	
	
	
	
	
	
	
	
	

	1-storey
	PGA
	-1.232
	0.411
	-0.945
	0.411
	-0.275
	0.494
	-0.080
	0.494
	0.107
	0.494

	
	AvgSa (0.5)
	-0.805
	0.189
	-0.495
	0.189
	0.162
	0.343
	0.358
	0.343
	0.545
	0.343

	2-storey
	Sa (0.4)
	-1.167
	0.364
	-0.762
	0.364
	0.022
	0.422
	0.284
	0.422
	0.534
	0.422

	
	AvgSa (0.5)
	-1.201
	0.241
	-0.830
	0.241
	-0.118
	0.345
	0.110
	0.345
	0.329
	0.345

	3-storey
	Sa (0.4)
	-1.271
	0.385
	-0.880
	0.385
	-0.042
	0.429
	0.256
	0.429
	0.541
	0.429

	
	AvgSa (0.5)
	-1.302
	0.265
	-0.937
	0.265
	-0.176
	0.310
	0.081
	0.310
	0.327
	0.310

	4-storey
	Sa (0.4)
	-2.173
	0.362
	-1.544
	0.362
	-0.135
	0.440
	0.175
	0.440
	0.470
	0.440

	
	AvgSa (0.5)
	-2.157
	0.226
	-1.561
	0.226
	-0.261
	0.358
	0.012
	0.358
	0.272
	0.358



Table 4 – Fragility function parameters for granite masonry buildings
	Building class
	IM
	Negligible to slight
	Moderate
	Substantial to heavy
	Very heavy
	Destruction 

	
	
	
	
	
	
	
	
	
	
	
	

	1-storey
	PGA
	-1.073
	0.393
	-0.802
	0.373
	-0.243
	0.464
	-0.050
	0.464
	0.134
	0.464

	
	AvgSa (0.5)
	-0.637
	0.194
	-0.353
	0.194
	0.200
	0.345
	0.398
	0.345
	0.586
	0.345

	2-storey
	Sa (0.4)
	-0.832
	0.366
	-0.495
	0.366
	0.136
	0.372
	0.366
	0.372
	0.586
	0.372

	
	AvgSa (0.5)
	-0.892
	0.239
	-0.583
	0.239
	-0.026
	0.298
	0.181
	0.298
	0.380
	0.298

	3-storey
	Sa (0.4)
	-0.921
	0.372
	-0.612
	0.372
	-0.184
	0.364
	-0.214
	0.364
	0.594
	0.364

	
	AvgSa (0.5)
	-0.976
	0.254
	-0.690
	0.254
	-0.268
	0.262
	0.061
	0.262
	0.375
	0.262

	4-storey
	Sa (0.4)
	-1.422
	0.340
	0.961
	0.340
	0.008
	0.402
	0.275
	0.402
	0.530
	0.402

	
	AvgSa (0.5)
	-1.432
	0.210
	-1.010
	0.210
	-0.131
	0.324
	0.102
	0.324
	0.324
	0.324


6. Discussion of the results
The validation, verification, and calibration of fragility models are one of the most challenging tasks in fragility assessment. Experimental and/or empirical data are scarce, and even when available, fragility models are ultimately probabilistic models that do not intend to provide exact predictions for all levels of ground shaking, but rather the expected damage on average. However, we can perform consistency checks to verify whether the numerical models lead to damage patterns in agreement with past experimental campaigns, as well as whether the resulting functions are comparable with models from the literature.
The numerical elements used in this study have been extensively used in other numerical studies, including analysis to reproduce experimental results from shaking table tests [27,28,50,73]. In a full-scale incremental shaking table test of a 1-story granite masonry assembly described and calibrated in [18] and [28], respectively, the onset of damage was observed for levels of PGA of 0.657g, and the structure exhibited imminent collapse for PGA equal to 1.024g. This progression of damage is in agreement with the results presented in Figures 10 and 11, in which the probability of “Destruction” is equal to 50% for levels of PGAs between 1.1g and 1.20g. Similarly, Graziotti et al. [74] described a shaking table test on a full-scale 2-storey URM cavity wall building. The test consisted of a sequence of incremental load input, exhibiting light damage only after a PGA equal to 0.17g, and substantial damage for a PGA equal to 0.307g. This performance is in agreement with the fragility functions for 2-story limestone masonry buildings presented herein when plotted in terms of PGA. We also compared the fragility functions produced herein with existing models from the literature ([8,61]), (see Figures 10 and 11). Compared to the fragility functions proposed by Borzi et al. [8] for Italian masonry buildings, our curves seem to be less conservative. While the structural capacity between the models presented herein and the ones in Borzi et al. [8] are similar (onset of damage for a global drift of 0.10%, and collapse for approximately 0.50%), the definition of the seismic demand is significantly different. Borzi et al. [8] used response spectra from the Eurocode 8 [75] (which tends to be conservative due to its use for design purposes) and the well-known displacement-based earthquake loss assessment method (which also makes use of some parameters originally defined for design), while we performed nonlinear dynamic analysis using ground motion records.[8]. Such differences in the methodology can explain the differences between both models. On the other hand, the methodology between this study and Martins and Silva [61] is identical, with the main difference relying on the definition of the structural capacity (i.e., Martins and Silva [61] used SDOF oscillators). The fragility functions presented herein are slightly less vulnerable in comparison with the functions proposed by Martins and Silva [61]. Such results are expected given that the latter study used information regarding masonry structures typical from regions characterized by a high seismic vulnerability (e.g., Turkey, Peru, Eastern Europe). In general, the comparison with experimental results and existing models indicates that the functions proposed herein are plausible.
Finally, we estimated the expected annual probability of sustaining moderate damage or suffering collapse for three cities in Portugal with distinct levels of seismic hazard (Porto, Coimbra, and Lisbon). We considered the probabilistic seismic hazard model from Vilanova and Fonseca [1] to derive seismic hazard curves in terms of PGA and SA(0.4s), and computed the average annual probability of moderate damage (AAPM) and collapse (AAPC) following the procedure described in Lovon et al. [60]. Fragility functions for granite masonry buildings were used for Porto, while limestone was evaluated for the seismic hazard of Coimbra and Lisbon. The risk metrics for moderate damage and collapse are illustrated in Figure 12 for 1 to 4-story masonry buildings.
a) [image: ]b)[image: ]
Fig. 12 a) Average annual damage probability, and b) Average annual collapse probability for masonry buildings from 1 to 4 stories (H1-H4) in Porto, Coimbra, and Lisbon for rock (Vs30=760) and soil (Vs30=360).
Both the annual probabilities of sustaining moderate damage and suffering collapse increase with the number of stories. Such a trend is expected given that the seismic demand increases with longer fundamental periods of vibrations (see response spectra in Figure 7). For what concerns the absolute values, some existing studies have suggested reasonable average annual collapse probabilities for modern construction (e.g., [76–78]). These past studies indicate annual collapse probabilities between 10-4 and 10-5, depending on the level of seismic hazard of the region. The AACP presented herein is between 1 and 2 orders of magnitude above these values. These discrepancies are expected given that the building classes analyzed herein are not code-compliant and have demonstrated a high vulnerability in past seismic events. Regarding the annual probability of sustaining moderate damage, Martins et al. [79] indicate values between 10-3 and 10-4 for code-compliant reinforced concrete buildings. The results from Figure 12 suggest a range between 10-1 and 10-2, on average 2 orders of magnitude higher. This difference is considered reasonable, once again, because these building classes do not have any seismic provisions and masonry construction tends to have a more brittle behavior than reinforced concrete (i.e., lower yielding drifts) due to the low displacement capacity. These average annual probabilities also agree with the values Martins and Silva [61] proposed for similar building classes subjected to moderate seismic hazard.
6. Conclusions
In the scope of this research, fragility functions were developed for the most common types of masonry buildings in Portugal (limestone and granite), following an analytical approach. Fragility curves considering a wide spectrum of uncertainties for these building classes, and following an intensity measure that can be used directly in seismic risk analyses were previously not available. The structural capacity of each building class was simulated using a 3D numerical model, whose geometric and mechanical properties were defined based on a large database of building drawings [20], and the results from past experimental campaigns. The numerical models were developed using the LS-DYNA software, thus allowing the consideration of two novel EDPs with a strong correlation to structural damage (i.e., cracked walls ratio and the volume of loss ratio). The record-to-record variability was considered using a suite of 30 ground motion records in the nonlinear dynamic analysis. For one building class (3-story limestone buildings) 20 numerical models were considered to evaluate the building-to-building variability. The standard deviations associated with each source of variability are in agreement with existing vulnerability studies (e.g., [59],[70]). The cloud analysis method was tested with the proposed EDPs, and building-to-building variability was found to have a significant contribution to the total variability.
Two sets of fragility functions were derived for each building class, considering two IMs: one conventional (PGA or SA at 0.4 s) that can be easily combined with the outputs from probabilistic seismic hazard analysis to compute earthquake risk, and a more advanced IM (AvgSA) that has demonstrated a higher sufficiency and efficiency. The resulting fragility functions indicate that limestone masonry is slightly more vulnerable to earthquakes than granite masonry (see Table 5 and 6). This higher vulnerability is partially due to the mechanical properties (see Table 2), in particular the lower stiffness modulus. This is a rather unfortunate trend, given that limestone masonry is mostly located in the Southern part of the country, where the seismic hazard is higher (e.g. [4]). An increase in vulnerability was also observed with the increase in the number of stories. This trend is due to the changes in the dynamic properties (i.e., larger fundamental period of vibration) and the more substantial influence of P-delta effects. 
These fragility functions were tested following different approaches. We evaluated the damage patterns observed in the numerical analysis and the thresholds for the initiation of damage and collapse and compared this information with past experimental campaigns. Considering the results available for one and 2-story buildings, it is possible to conclude that despite the limited sample, the results obtained herein were plausible. We also compared the fragility functions and associated risk metrics with other proposals. Our results are less conservative than the models compared in Figure 10 and 11, partially because other models have considered masonry construction from countries with high seismic vulnerability. 
is also important to mention that according to the average annual probabilities of sustaining moderate damage or of collapse, masonry construction in Portugal is on average 1-2 order(s) of magnitude more vulnerable than code-compliant reinforced concrete structures. Moreover, the probability of collapse of most masonry building classes exceeds the common allowable risk (e.g., [76–78]). Given that 40% of the Portuguese population lives in this type of construction, there is a clear need to invest in measures to reduce the seismic risk of these buildings, consequently reducing the likelihood of eventual economic losses and casualties.  
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