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Abstract

:

Masonry is a widespread construction system, but it is very prone to seismic damage. In Italy, almost 60% of residential buildings are constructed in masonry, and 85% of them were built before 1980 without specific design regulation; thus, there is the need for large-scale vulnerability assessment. When large stocks of residential buildings (>50–100) are involved, also in historical centers, seismic vulnerability analysis must resort to simplified and computer-aided methods. Among these, the best known analyze (i) the overall shear strength normalized to the weight; (ii) the activation coefficient of local mechanisms; and (iii) dimensionless indexes obtained from the weighted sum of scores associated with a set of vulnerability factors. The Vulnus procedure proposes a vulnerability function in the 3D space defined by these factors, namely VIP, VOP and VV. The ‘mechanical’ indexes VIP and VOP determine the capacity of the building (in-plane and out-of-plane, respectively), whereas the ‘empirical’ index VV sets the pace at which this capacity is reached and the uncertainty in its final value. The procedure considers the confidence level of the indexes by means of fuzzy set theory, which enables expression of the vulnerability in linguistic terms (e.g., ‘high’ or ‘low’), as well as through a fragility curve. In this paper, a web toolbox based on the Vulnus procedure, namely, Vulnus Web, is proposed. It enables the central archiving of data, improved interaction with the program code and a wider dissemination. The new procedure was applied to a masonry building hit by the Central Italy 2016 earthquake; both the vulnerability level assessed numerically and the damage prediction were in good accordance with the actual seismic performance of the building.
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1. Introduction


In 2018, the building construction sector accounted for 36% of final energy use and 39% of energy-related CO2 emissions [1], mainly due to operating needs. In accordance with international and European guidelines [2,3], energy retrofit interventions are needed to minimize the energy demand. However, many existing buildings have come to the end of their service life and/or do not meet present standards, and structural assessment and consequent structural retrofit is required in combination/addition to energy retrofit measures [4,5]. Indeed, existing buildings already embody a large amount of energy [6], and potential losses connected with structural damage, e.g., that caused by earthquakes, or with the disposal of demolition residuals from their replacement, would increase that figure, thus emphasizing the need for a holistic or life-cycle approach [5]. Nevertheless, further research on the embodied energy of buildings is required [7]. The structural assessment of stocks of existing buildings is a way towards sustainable development, as it enables the development of risk reduction policies by defining priorities and the resources needed [8], which can be connected to different hazards [9,10]. In this context, simplified assessment methods become particularly useful to produce large-scale outcomes while limiting computational effort and time demands. Seismic risk represents an important share of the total risk to which buildings in Italy are exposed [8]. Therefore, the development of methods for the assessment of the seismic vulnerability of buildings, i.e., their susceptibility to damage, is a staple in risk calculation. These approaches [11] mainly refer to: (i) empirical methods, which involve expected damage based on damage observed after seismic events; (ii) mechanical methods, which build predicting models based on more or less detailed numerical modelling; and (iii) hybrid, macroseismic or expert judgement-based methods, which often involve the assignment of vulnerability indexes on the basis of building characteristics.



Vulnerability models are empirically determined by grouping buildings as a function of the levels of certain features (e.g., year built, number of stories, structural type) and then observing their behavior during seismic actions. Based on the results of such approaches, for preventive purposes, various methods to infer vulnerability from a list of ‘vulnerability factors’ have been proposed [12] which use standardized data collections forms (e.g., [13] and its adaptation to other countries, e.g., [14]; CARTIS [15]; MUSE-DV [16]) and scoring systems [17,18]. Among the latter, the GNDT second-level methodology (henceforth, GNDT-2) has been largely applied to historical centers [19,20,21,22], including with adaptations for façades alone [23], or to consider different data collection forms [24,25]. Recently, new attempts have been made to calibrate this method by comparing it to actual damage data [26,27], in addition to those made shortly after it was originally issued [28,29].



The empirical association of building categories with expected damage can be replaced by simplified calculations [30], e.g., of the collapse mechanisms of external facades [31], the normalized shear strength of a building [32], a combination of these [33] and simplified non-linear static analysis [34,35]. Simplified mechanical procedures, such as those previously mentioned, seem more suitable for the characteristics of unreinforced masonry buildings in historic centers, as the actual seismic behavior can be influenced by several factors, often concealed by transformations [36,37], which can only be vaguely or imprecisely assessed during inspection campaigns. However, these require that drawings of either the façades or the floor plans be available, thus limiting the extent of the campaign to several hundred buildings, i.e., the size of a historical center or historical town.



Simplified mechanical models are based on a target parameter of the seismic response of buildings, which may appear too strict to represent the empirical interpretations of experts. Conversely, empirical methods use a selection of factors, whose choice and contribution to the overall vulnerability definition is appropriate to its calibration procedure and, partially, to the expert opinion of its creator. Hybrid methods catch the positive aspects of both these approaches. In particular, vulnerability factors appear to be graded on a scale, which can be expressed in linguistic terms, e.g., ‘good’ or ‘severe’. However, the matching is approximate, as some states may lie in between the definitions. This approximated reasoning can be represented by fuzzy logic [38], which considers fuzzy sets and fuzzy rules to represent the condition of a building and to infer knowledge, i.e., the vulnerability, from an ‘expert opinion’ based on an imprecise definition of the causes. However, there are only a few vulnerability assessment procedures based on fuzzy logic [33,39,40,41,42,43,44,45].



The translation of the described procedures from paper modules to digital format, such as applications for mobile phones or software tools for personal computers [16,46,47], as well as the usage of online resources [48], simplifies data management and storage. These systems generally exploit the client–server architecture, with a graphical interface provided by the software or the app on the local device and a central database on a remote server. In addition, digital archiving systems can collect real-time information in homogeneous formats and protect data from manipulation or potential losses and conflicts.




2. Vulnus Procedure


Vulnus is a knowledge base procedure developed by the University of Padova for the simplified assessment of the seismic vulnerability of existing residential masonry buildings. It considers both descriptive vulnerability factors and geometric data to build a simplified structural model based on the plan layout, materials and slab features averaged over the construction [49,50]. Vulnus mainly targets ordinary masonry buildings in historical centers (i.e., pre 1945), which in Italy represent almost 40% of the total masonry-built heritage and 57% of the total number of residential buildings [51]. The procedure estimates the capacity of the load-bearing wall system of a building in its two main directions for: (i) a series of out-of-plane (OOP) overturning mechanisms and (ii) the in-plane (IP) shear stress. The vulnerability model is based on the evaluation of three dimensionless parameters: two indexes refer to the OOP behavior (combination of kinematic mechanisms) and the IP behavior (shear wall resistance), computed on a typical plan geometry; a third index is evaluated as the weighted sum of the scores obtained from the GNDT-2 method [52]. Finally, Vulnus provides fragility curves related to a moderate-to-substantial damage state and an overall qualitative assessment of the vulnerability, based on random and fuzzy set theory and integration of the qualitative information collected for the building in question.



2.1. Concept and Development


The original proposal of the Vulnus procedure dates to the middle 1980s [53,54], along with the earliest studies on seismic vulnerability in Italy, and it found its first formalization in the early 1990s [33]. In the earliest works, the general architecture of the procedure and the fundamental mechanical formulations (Equations (1) and (2)) were defined. Already at this date, the vulnerability assessment was thought to be computer-aided, and the algorithm was translated into the Basic programming language [55]. In a later phase, the definition of the simplified model was improved and empirical vulnerability factors, coming from the GNDT-2 method, were added [56,57]. Fuzzy logic was applied throughout the whole procedure [49] to infer vulnerability from different inputs (mechanical, empiric, verbal), including the reliability of the information available, and to express it in a communicative way, i.e., in linguistic terms such as ‘high’ or ‘low’. Finally, the procedure was completed using a graphical user interface and was distributed as a stand-alone free software for personal computers as Vulnus VB 4.0 [58]. As Vulnus works on different sources of information, such as geometrical and verbal descriptions of a building, a data collection form including both was presented in [54] and continued to be improved up to Bernardini et al. [58]. An updated version is provided in Appendix A and its contents are discussed in Section 4.



The earliest trial applications of the Vulnus procedure were carried out in the middle 1980s on small groups (20–30) of masonry buildings in the Garda lake area (S. Zeno, Brenzone [53,54]) and in the Veneto Pre-Alps (Badia Calavena, S. Mauro di Saline [59]; Asolo [60]). These buildings were very homogenous, as they had random rubble masonry walls, timber floors and roofs, generally without ties, and were clustered in town blocks or terraces. In addition, for each building, a complete geometric survey and the description of the main structural features were carried out.



Comparison with empirical reconnaissance of damage was made possible by the earthquakes in Umbria-Marche in 1997 [61,62] and in L’Aquila in 2009 [63,64]. The vulnerability assessment was then improved by the addition of two modules on that basis: the fragility calculation and the comparison with the EMS-98 scale [65]. The linguistic vulnerability assessment was carried out for entire town blocks, divided into individual units, for up to 50 buildings per each case study. However, a comparison between predicted and observed damage after the 2016 earthquake showed some critical issues, especially when individual buildings were considered instead of the group [66].



Recently, Vulnus has been used for large-scale vulnerability analyses based on a typological approach thanks to its ability to efficiently reproduce the mechanical behavior of buildings with minimal computational effort (nationwide, see [67]; at town scale, see [68]), while also considering the effects of strengthening interventions aimed at reducing seismic risk [69,70]. Promising results were obtained when Vulnus was compared to other methods for residential [71,72] as well as school buildings [73]. However, the input phase was highly inefficient for a large stock (about 500 buildings), and no central archiving of the input and the outputs was possible.




2.2. Critical Issues and New Aims


Vulnus has been developed over a long time, and it originated when hardware resources were limited. As a result, the Basic code appeared often redundant, the interchange among the modules was non-seamless and the maximum size of the building was limited to a few walls (about 30, see Section 4.3). In addition, the stand-alone distribution did not exploit the central archiving of data and required continuous updating to keep up with different operating systems and their versions. These issues were solved by translating the code into the Python programming language [74], which is more flexible, and the stand-alone software into a web site, which solves the problems of compatibility and updating. The web site also enables the creation of a collaborative environment, as many users can contribute to a single database, which can be easily maintained and queried, and it can be used anywhere, provided that an internet connection is available.



To quicken the input phase, the data sheet was purposely translated into a preformatted spreadsheet, which can replace, partially or completely, the manual input at the web site. Finally, the results can be visualized and downloaded for further elaboration of the expected behavior of a building.



The following sections explain the general framework of Vulnus, that is, the mechanical (Section 3.1 and Section 3.2) and the qualitative (Section 3.3) vulnerability assessments, the management of the reliability of information, and the theoretical model and the definition of the fragility curves through the fuzzy set theory (Section 3.5). Section 4 presents the structural model and Section 5 describes the new website; in Section 6, its application to an existing earthquake-damaged masonry building is used for pointing out the pros and cons of the proposed approach. Fuzzy-based vulnerability assessment procedures are quite complex and are difficult to use either in large-scale applications or in professional practice. However, the implementation of the procedure in a website improves accessibility and use by practitioners.





3. Vulnus Framework


Vulnus uses rule-based expert systems and approximate reasoning based on fuzzy logic to infer vulnerability from input data. The fuzzy set theory enables consideration also of qualitative information and its reliability in the vulnerability assessment [75]. Vulnus calculates three scalar values: (i) VOP, the smallest acceleration of activation, normalized to the gravity acceleration g, in a set of the most common OOP local mechanisms assessed systematically on every boundary wall; (ii) VIP, the horizontal resisting force normalized over the total weight of the building; and (iii) the qualitative index VV, which refers to the state of the building in the terms of the GNDT-2 method. These values are considered as indexes, representative of the state of a building for the given component, and they enable comparison with other buildings. For the sake of comparison with all previous works, VOP replaces I2, VIP replaces I1, and VV corresponds to I3. Then, the random fuzzy set theory is applied to the indexes to obtain damage fragility curves [61].



3.1. Out-of-Plane Index (VOP)


The out-of-plane index VOP represents the normalized OOP strength of a building. Vulnus considers a total of nine local mechanisms for each panel of the boundary walls of a building, distinguished among those that develop ‘vertically’ (i.e., those that span over one or more stories, see Figure 1, and across the floor slabs), and those that develop ‘horizontally’ (i.e., those that occur at story level, spanning between two consecutive internal walls, see Figure 2). The vertical mechanisms are the overall overturning of a panel (Figure 1a), considering the total building height, and the local overturning (Figure 1b) or vertical bending (Figure 1c) of the panel at the top story. The relative importance of a mechanism at the top story depends on the assumption of an inverted triangular distribution of seismic loads along the height, which therefore stresses the upper parts of a building. In the assessment, each masonry element is considered as simply supported by either the foundations or the internal floor slab, stabilized by the self-weight and partially restrained by connecting devices and the friction forces that develop at the interfaces between the wall and the slabs.



These restraint forces therefore depend on the floor load, the estimated friction coefficient, and the presence and the number of tie rods or tie beams at floor levels (Figure 3a). The activation coefficients are calculated separately as described in Equation (1), and then combined according to the rules expressed there, to determine which mechanism is the most probable. The combination rules are a consequence of the application of fuzzy logic to the values, as mechanisms 1b and 1c are interchangeable and any of them may occur (fuzzy logic OR, i.e., max{1b; 1c}), whereas the mechanisms 1a and any 1b or 1c can occur at the same time in a panel (fuzzy AND, i.e., min{1a; 1b–1c}). The final value is a partial index named V′OP. The same criterion applies to the calculation of V″OP.



The horizontal mechanisms are generally associated with the top story/plan (henceforth TP). Those directly involving the boundary walls are the horizontal bending (Figure 2a) and the crushing of masonry at the midsection (Figure 2b). The others are induced on the boundary walls by the thrust from the internal walls when these are loaded in their OOP direction by the earthquake (resisting arch in the thickness of the wall, see Figure 3b). These thrusts involve the intersections between the internal and the external wall (flanges). The possible mechanisms are the overturning of the flange either for the entire height of the building (Figure 2c) or for the TP alone (Figure 2d), and the vertical bending (Figure 2e) or the expulsion of the flange (Figure 2f). The activation of mechanism 2f is usually triggered when restraint forces at floor levels are low, as compared to mechanisms 2e–2d. Each panel is restrained at both ends by the tensile strength of the masonry cross section, in addition to the self-weight and the applied loads (Figure 3b). The partial index V″OP, associated with this set of mechanisms, is calculated through Equation (2), which also shows the combination rules of the mechanisms.
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where W is the weight of the wall; t and t′ are the wall thickness at the reference floor (see Section 4.1) and at the TP, respectively; n is the number of stories; T and T′ are the restraint forces exerted on the walls by floor slabs and the roof, respectively; ft and fc are the tensile and compressive strength of the material, respectively; ρ is the specific weight of the panel; h is the average floor height; d, d1 and d2 are the distances from the closest window to a node at a T intersection of the boundary walls; and l, l1, l2 are the lengths of the walls converging in a node. For additional explanations of the formulas, the reader is referred to [33,76]. The specific weight ρ also includes the floor loads, as per Equation (3).
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where ρm is the specific weight of the masonry, Af is the total area of the openings (conventionally assumed to be as tall as half of the average story height), Ap is the vertical surface of a panel, qf is the floor load, Amur is the total area of the walls and ATOT the total gross area of the building. The restraint forces are proportional to the floor loads through the friction coefficient and the number of tie rods, the effect of which is spread over the length of a façade and the overall height (Equation (4)).
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where s is the number of tie rods in a façade, n is the number of stories, l is the length of the façade, μ is the friction coefficient, nt is the number of floors with tie beams, r is the depth of the tie beam divided by wall thickness, and qr is the roof load. The subscript X,Y refers to the fact that the values of T are specific to those directions of the building. Finally, the overall VOP for the building is the minimum of that summation for the i-th wall (Equation (5)).


VOP=min{V′OP,i + V″OP,i}



(5)








3.2. In-Plane Index VIP


The in-plane index VIP expresses the overall shear capacity of a building, normalized to its weight, per each main direction. This is a rather simplified evaluation, as it considers just the simultaneous diagonal shear failure of all piers, independently from the masonry type and cross section. However, as the reference floor is generally the ground one, the vertical stress in piers can be high enough to determine a prevalence of diagonal shear failure on IP bending. Other assumptions of this calculation include an almost regular layout of openings on the façades; IP rigid floors, so that they can redistribute the seismic loads; no interaction in the repartition of seismic loads between orthogonal directions; and shear capacity proportional to a pier’s cross section. Consequently, the shear capacity is obtained from the cross section of the walls parallel to either of the main directions of a building (X or Y) and the shear strength of the material, as expressed by [77]. The corner area contributes to the capacity in both directions [52]. The gross weight of the building is calculated from the area of the walls (average value between the RP and the TP) and the total floor load, repeated over the number of stories. Their ratio is expressed by Equation (6).
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where σ0 is the average vertical stress in the walls; ∑iAi is the total resisting area of the walls in a direction; At is the total net area of the walls in both directions; and 1.0 ≤ k ≤ 1.1 is a reducing factor accounting for plan irregularity. VIP is then assumed as the minimum between the two directions of the building (Equation (7)).


VIP = min{VIP,X; VIP,Y}



(7)







The wall thickness is reduced for masonry panels which are shared between two adjacent buildings, proportionally to their height [33].




3.3. Qualitative Vulnerability Index VV


The index VV is obtained from an adaptation of the GNDT-2 method. It includes the qualitative aspects of a building and overall represents the progress of damage, with the rule being that the higher the index, the higher the expected damage [78].



The GNDT-2 method considers eleven vulnerability factors (VF, Table 1) which were assumed to be those most influencing the seismic behavior of a building. Each VF can be attributed to a ‘quality’ class (from the best—A—to the worst—D–), which corresponds to a score vi (Table 2), and the weights account for the relative importance of the VF (Table 1). Each VF is influenced by one or more parameters accounting for the state of a building, e.g., the Overall Organization depends on the presence, total figure, and distribution over the stories and the two main directions of a building, and connection devices such as tie beams and tie rods. The screener is guided in the choice of the class by rules over a set of parameters which can be described by geometrical information (e.g., cross section area, length, height), dimensionless ratios (e.g., slenderness), Boolean options (True, False), or single choices in a set of linguistic variables. Since the first proposal of the method, Ferrini et al. [52], systematically defined the rules by which the class of the VF can be determined, accounting for the empirical observations of the Umbria-Marche (1997) and Garfagnana (2001) earthquakes, e.g., the detrimental effects of rigid floor slabs on poor quality masonry walls [79].



The scores vi, assigned to the VFs on the basis of their quality class, are linearly combined through the weights wi listed in Table 1, whose values reflects the importance attributed to each VF for the overall behavior. The sum can be normalized to the maximum value to obtain a Vulnerability Index Iv (Equation (8)).


    I   v   =     ∑  i      v   i     w   i       438.75    
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Iv accounts for the overall state of a building. However, in Vulnus, VIP matches to the parameter Normalized Shear Strength and considers the Plan Irregularity, and VOP corresponds to Overall Organization and the maximum distance between Transverse Walls. Therefore, some VFs are neglected in calculation, and different weights wi,Vulnus are chosen (Table 1). Similarly, the scores vi,Vulnus are simplified as shown in Table 2 and the resulting normalized index Vv is calculated through Equation (9).


    V   v   =     ∑  i      v    i , Vulnus        w    i , Vulnus        141.75    



(9)







A null or negligible value of Iv-VV stands for a new building, where code previsions and good construction practices have been applied.




3.4. Confidence Management and Application of Fuzzy Logic


The GNDT-2 method requires the screener to express a ‘partial confidence factor’ for each vulnerability parameter as a function of the available information upon which the vulnerability assessment is built. This confidence level (CL) can be expressed as: (i) Very good (V); (ii) Good (G); (iii) Basic (B); (iv) Unknown (U), and it depends on the sources and the methods chosen or available for the evaluation of each factor (Table 3).



The CL describes the reliability of the assessment of a VF: ‘V’ means that the class selected is the only possibility; ‘G’ that there is a 30% probability that the actual class is one the first closest (better or worse) to that selected; ‘B’ implies that this probability is increased to the 60% and there is also a 30% probability that the actual class is the second closest to the value. Finally, when ‘U’ is chosen, any of the four quality classes can be selected. This uncertainty in the vulnerability assessment can be formally represented through the membership function of the fuzzy subsets, as shown in Figure 4. The X axis represents the GNDT-2 quality class Q (increasing from left to right, from Q−− to Q++), and the Y axis the probability of belonging (membership, χ) to any of the classes according to the CL. Actually, in the GNDT-2 method there are only four quality classes, so the graphs are accordingly cut vertically, depending on the position of the selected class (Q). It is worth noting that the membership functions presented in Figure 4 are an extension of the original proposal [78].




3.5. Vulnerability Model and Damage Probability Curves (Fragility)


A preliminary measure of the vulnerability of a building can be obtained by comparing its indexes VOP, VIP, VV with an input acceleration A (per unit g), expected for the site on a normative or historical basis. Considering the mechanical indexes VIP and VOP, a ‘vulnerability function’ Vu can be expressed as per Equation (10) [56].


Vu = 1 if VIP < A OR VOP < A

Vu = 0 if VIP > A AND VOP > A



(10)







That is, vulnerability is high when at least one of the two indexes is lower than the reference acceleration A and the building is expected to be substantially damaged. Conversely, Vu is close to 0 when both the indexes are greater than A and negligible or slight damage to the building is expected.



However, Equation (10) neglects (i) the interaction between the two indexes; (ii) the uncertainties related to the model; and (iii) the influence of qualitative parameters. The fuzzy set theory was introduced to overcome these problems, and the vulnerability Vu was defined as a continuous function of the three indexes VOP, VIP and VV. The vulnerability function Vu can thus be assumed as the probability of a building suffering substantial damage. It ranges between 0, which represents the ’safe‘ condition (i.e., no substantial damage expected), and 1, which represents the ’unsafe‘ one (i.e., substantial damage expected). The probability of membership in the unsafe zone is then expressed through Equation (11) [33,59].
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where u represents the interaction between VIP and VOP (assumed as hyperbolic):
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In Equation (12), the parameters c1, c2, c3 and c4 define the crisp boundaries of the model (Figure 5); c1 and c2 characterize the interaction between VIP and VOP, whereas c3 and c4 define the maximum extent of the transition zone between the safe and the unsafe areas. Their values are, respectively, c1 = 0.5 (asymptote of the hyperbolic function), c2 = 1 (representative of the condition in which VOP/A or VIP/A are equal to 1, thus defining the unsafe boundary), c3 = 0.1 (model uncertainties) and c4 = 1 (which, summed to c2, hypothesizes negligible damage when the IP and OOP capacities of the building are at least twice than A) [33,49].



Finally, the coefficient a in [0; 1] is closely related to the qualitative VV index and influences the width of the transition zone. For a = 0, i.e., the best qualitative configuration of the building (new one), the transition zone is defined by only the mechanical model uncertainties; in the case of a > 0, the transition zone grows larger as VV increases [33].



Figure 5 shows graphically the vulnerability model expressed by Equations (11) and (12). The plane defined by VOP/A and VIP/A is thus divided into an ‘unsafe’ zone (Vu = 1), bounded by the hyperbole defined for u = 0, and a ‘safe’ zone (Vu = 0) bounded by the hyperbole defined for u = 1 (thick dashed lines); the transition zone, where the probability of membership to either of them is affected by the values of VV through a (thin dash–dot lines), is according to the fuzzy set theory. Once the fuzzy sets of the three variables VOP, VIP (based on A) and a (dependent on VV) have been obtained, the fuzzy set of the range of variation of Vu (from 0 to 1) is derived. Therefore, the model provides, given the acceleration A due to an earthquake, a measure of the probability of damage, i.e., the cumulative probability of a building suffering substantial damage, which is the expected frequency of such damage occurring.



By using the fuzzy sets of Vu, Vulnus derives three boundary cumulative probability distributions: a lower and an upper bound, and a central one (the particularly significant value). When setting up the analysis for discrete values of A, the program returns the vulnerability via the upper bounds (Upper Bounds—U), lower bounds (Lower Bounds—L) and the central value (White—W) of the expected fragility [61]. These curves could be referred to a damage state (DS) intermediate between DS2 (moderate) and DS3 (substantial) [65], which corresponds to the first activation of a local mechanism.





4. Vulnus Structural Model and Usage


The Vulnus data collection form (Appendix A) acquires the identification and other generalities of a building, i.e., (i) the features of the loadbearing system relevant to seismic loads to build a simplified structural model based on minimum information about its features, loads and materials (Section 4.1); (ii) the vulnerability factors and the parameters that determine them (Section 4.2); and (iii) the overall geometrical and structural layout of the building (Section 4.3). The input data correspond to free text fields, single choices, or tables, which must be filled in progressively. The conversion to tabular form largely reduces the computational effort and simplifies data storage and management, although a user is entrusted with the creation of the scheme and the manual filling in of the tables needed.



4.1. Structural Model


Vulnus models a building as a Structural Unit (SU), that is, an individual structure with the same loadbearing system and the continuity of vertical loads from roof to foundations [80]. Consequently, town blocks (Figure 6a), where there are horizontal additions with different structures or heights, should be subdivided into SUs, but this is also true of large buildings (Figure 6b), which may be considered as a single SU (e.g., hospitals, schools, apartment buildings) but can be divided into smaller units which are homogeneous from either a structural or constructive point of view. This is a different approach from that of [13], where adjacent SUs are considered as an individual building. Limited vertical and horizontal irregularities in detached buildings (Figure 6c) may be ignored.



4.1.1. Overall Geometric Data


The model assumes a ‘reference plan’ (RP) which becomes the floor type, repeated at each story of a building (Figure 7). The RP is usually the ground floor, where seismic forces are the highest. When an intermediate floor appears weaker (e.g., owing to large openings) or the ground floor has a different layout from the upper stories, it is possible to compare the different layouts and identify which configuration is the most critical. On sloping sites, the RP can have no more than one side completely underground and two others covered by less than 1/3 of their length. The RP also determines the reference axes, as the two main directions of the walls. The geometric data of the RP are inputted to Vulnus according to the criteria given in Section 4.3 and applied in Section 6.1.



With reference to the calculations presented in Section 3.1 and Section 3.2, the following geometric inputs are requested: (i) the floor area, as the total footprint of a building on the ground comprising the boundary walls or a half of them, when they are in common with adjacent buildings; (ii) the length of the façades, as the total linear projection of the plan in the two main directions of a building; (iii) the height from the level of the RP to the eave line; (iv) the number of stories, which is usually that of the floors above the assumed RP. Local variations of the height, e.g., due to technical volumes, storerooms or penthouses, especially if they extend over a portion of the total floor area, can be neglected. The number of stories may not be an integer, to take into account: (i) basements and below-grade floors which emerge for no less than ½ of their height (Figure 8a,b); (ii) mezzanines or stories with a relevant difference in height form the other stories above and below (Figure 8c), a situation which may be observed in palaces and large buildings. Habitable lofts with boundary walls that have windows, a minimum height of 1.2 m and almost the same thickness of the story below count as half of a story (Figure 8d). On sloping sites, stories may be counted only when they are underground for no more than one side (Figure 8e,f).




4.1.2. Floor System


The dead loads of floor slabs (structural, g1, and non-structural, g2) must be chosen from the types listed in Table 4. In calculations, the additional g2,eq = 0.4 kN/m2 accounts for internal partitions, whereas live loads q are assumed as for residential buildings [80]. These loads are combined according to Equation (13).


E = g1 + g2 + g2,eq+ ψ02q



(13)




where ψ02 = 0.3 is the load combination factor prescribed by [80] in seismic conditions. For the sake of simplicity, in roofs, the partitions are neglected and ψ02 = 0, assuming that they are not accessible during the common use of a building. Therefore, the roof load reduces to E = g1 + g2.



The overall vertical and the plan regularity are considered in the qualitative vulnerability assessment (see Section 4.2), but the conditions of the floors also affect the mechanical indexes. The warping direction of the floors and the distribution of masses over the height of a building determine both the vertical stress, and thus VIP, and the restraint forces on the masonry walls, and thus VOP. The warping direction is assumed as the most common direction of floor joists inside a building, with respect to the X-Y axes of the RP. The prevalence in either of the two depends on having more than half of the joists in the same direction, otherwise the floors are identified as bidirectional. As for the mass distribution, the floor where any of the following conditions appear are considered: (i) changes in the warping direction of the floors (Figure 9a); (ii) double-height floors (Figure 9b); (iii) changes in the structural type of the floors or additional load at a story (e.g., heavy non-structural ceilings, vaults; Figure 9c); and (iv) habitable loft with a structural floor slab just beneath the roof (Figure 9d). In cases (i) and (ii), the stress distribution is altered, and the restraint forces are reduced; in cases (iii) and (iv), the load increases by considering the following load category. However, it is possible to indicate just one story as different from the others.



To complete the information about the floor system, the number of stories over the total which are bordered by r.c. tie beams is requested, as well as the total number of effective tie rods in each direction of the building. Obviously, tie rods parallel to a direction will affect the restraint forces in the perpendicular one, whereas tie beams influence both directions.




4.1.3. Masonry Type


The masonry types used for the structural model are those listed by [81] (Table 5). When multiple masonry types are observed in the loadbearing walls of the RP, the weaker one can be considered when it extends for more than 1/3 of the total resisting area. It is also possible to include the effect of strengthening interventions in the walls (e.g., repointing or grouting), through a multiplying coefficient which is assumed from those also allowed by [81] as a function of the masonry and the intervention type.





4.2. Vulnerability Factors and Overall Descriptors


The overall description of the vulnerability of a building is obtained from the GNDT-2 method, according to the factors and the criteria described in Section 3.3. In Vulnus, this information also concurs with the definition of the structural model, since the maintenance state and the plan regularity, when classified as poor, determine a reduction in the mechanical properties of the material (Table 6). The plan regularity depends on the shape of the plan (e.g., rectangular, L, T) and on the ratio between the two dimensions of the main building and the ratio between the length of its larger dimension and that of the ‘flange’ [52]. When SUs are part of a town block, it is suggested to classify them as ‘irregular’ to account for possible interaction effects. The maintenance state depends on the degradation of masonry induced by weathering and cracking, statically determined or seismically induced [52,82].




4.3. Structural Layout


The structural layout refers to the loadbearing walls of a building as they appear in the RP (Figure 10). An external reference system is assumed according to an ordinary Cartesian system: the walls are defined as continuous alignments of the loadbearing elements; the direction X or Y is decided whether the direction of a wall falls inside (X) or outside (Y) ±45° around the X axis. When the offset between the midlines of two walls is less than 80 cm, and when walls in the same direction meet at less than 5°, they can be considered as a single wall, with an average position and angle between them.



The walls are represented by their axis, and they must be numbered progressively. At every intersection, and everywhere a discontinuity in a wall is detected (e.g., a change in thickness), there is a node. Nodes are numbered progressively, starting from the first intersection of the first wall, which, assuming a rectangular plan and in the proposed order, would be the bottom left corner of the building.



The nodes delimit the panels, whose numbering restarts at every new wall. The reference axes X and Y of the plan layout are fixed on the first node of the scheme. Walls and/or panels which are linked to the other by a single node must be excluded from the layout. In addition, each panel must have the following bits of information:




	
The number of its start and end nodes;



	
The angle described by the direction of the panel, considering it from the start to the end node, with the positive direction of the X axis;



	
The length, measured between the nodes, and thickness at both the RP and the TP;



	
The total length of the openings, i.e., doors, windows (also blocked), and comprising flues and niches deeper than a half of the thickness of the wall;



	
A code depending on the distance of the first opening from the start node and of the last opening from the end node, for evaluating the ‘flange effect’ at the intersections with other panels (Figure 11);



	
The number of stories of an adjacent building, if present, or a numeric code when a wall is not a boundary one.










5. New Web Platform


The ‘Vulnus Web’ website [83] is free to use but it is accessible only after registration, as there are personal data which may not be displayed publicly. Each user has their own ID and password and can have access to his/her personal buildings. The structure of the website is rather complex, as it required considerable computational, storage and presentation resources, for which Python [74], Django [84] and Html [85] were used, respectively.



5.1. Back End (Storage)


Input data are stored on a relational database on a remote server and Django manages all the queries for them (create, read, update, delete). The database uses an automatically generated ID field to relate the following tables, thus avoiding potential conflicts (Figure 12):




	
Building table, which contains the overall geometric information and data about a building as they are described in Section 4.1. This table also contains the general identifying data of the building (district, municipality, cadastral data, coordinates), the sheet itself (screener, ID, date of creation) and its building process (year built, year of major restoration works or strengthening). For old buildings, a 100-year precision is allowed (e.g., 1500). This table also stores the partial data for calculations and the outcomes (Equations (1)–(4));



	
GNDT-2 table, which contains the quality class of the vulnerability factors and the partial CLs related to each parameter (Section 4.2);



	
Panels table, which contains the features of the walls and the panels as described in Section 4.3.








In addition, the masonry and the floor types (Table 5 and Table 6), along with the list of the census data of Italian municipalities, are stored on the server and accessed by the program during the input phase.




5.2. Application Logic (Code)


Thanks to the features of Python, the items entered in the procedure are converted into classes and objects, whose attributes match the geometric and vulnerability data defined in Section 4 (Figure 12). Accordingly, the steps of the procedure are converted into methods, at class or object level, to alter their state and define the methods to carry out the calculations. The code runs the calculation of Equations (1) and (2) on those panels of the boundary walls which are indicated as free to move in the input phase; internal walls and those blocked by adjacent buildings are neglected. However, if the adjacent building is shorter than that under examination, the code automatically considers just the parts of Equations (1) and (2) related to the TP alone. Once the values of V′OP and V″OP are determined for each panel, they are summed up and the minimum VOP is determined. The partial values for each local mechanism are stored and can be retrieved and inspected afterwards to compare the behavior of each panel of a building.




5.3. Front End (Website)


The web interface is structured in 19 pages, which contain the main functions of the program following the steps presented in Section 3, from data input to the calculation of the indexes and the fragility curves. The home page (Figure 13) displays the list of buildings (as SUs) created by the user; at the first use, the list is empty. The list contains the following data: (i) unique ID of the building (automatically created); (ii) name of the building; (iii) municipality; (iv) creation date; (v) year built; (vi) cadastral data; (vii) progressive number of the data sheet (optional, only for groups of buildings); (viii) icon of the building; and (ix) action buttons (display, delete, edit).



It is not possible to input two buildings with the same ID or cadastral number. A screener can add the pieces of information referring to a new building sheet through the online form or a preformatted spreadsheet, which can be downloaded from the website. In the former case, the user interacts with the website by means of dropdown menus, textboxes with a hint about the format of the input required (Figure 14). In the latter case, the procedure is quicker, but it requires the insertion of information coded according to the manual [58]. The spreadsheet can be reused as many times as needed, provided that the data inserted changes according to the building. In the spreadsheet, the logical sections of the data form correspond to the sheets called ‘geometry’, ‘walls’ and ‘GNDT-2’.



At the end of the procedure, the website shows the indexes and, based on them, carries out the safety assessment and determines the fragility curve. The partial results are also displayed for each wall, and they can be downloaded in a spreadsheet together with the overall ones.





6. Application and Discussion


To assess the reliability of Vulnus Web in predicting damage in an existing masonry building, it was applied to a building damaged by the 2016 Central Italy earthquake. This building, henceforth MSB, is located in Montesanto of Sellano (PG) and it had been already studied after the Umbria-Marche earthquake occurred in 1997 [62].



6.1. Description of the Case Study and Data Input


MSB is a three-story masonry building placed almost on the ridge of Montesanto hill. Therefore, just the top two stories are completely above grade, whereas the western part of the ground floor is in contact with the rocky bank of the hill (Figure 15). The walls are made of limestone, roughly hewn and exploiting natural fracture surfaces, and laid in a coursed fashion. This building underwent strengthening interventions in the early 1990s, and a structural rehabilitation in the early 2000s following the earthquake in 1997. The walls were repointed and injected with cement grout and the timber floors were replaced by r.c. and clay block composite slabs with boundary tie beams, chased in the walls. The roof was also rebuilt with a timber structure, but a boundary tie beam was added. The crack pattern (Figure 16) shows that the building had an overall response, with widespread shear cracks over the walls, but some local mechanisms were also triggered, despite the added connection devices and the masonry improvement. For instance, the S-E and N-E corners were delimited by a passing-through crack, from the bottom to the top of the façade; in the north and west façades, the cracks clearly followed the traces of old windows, now blocked. At the time of the earthquake in 2016, the building was used as a vacation home, and it was in good condition.



The input form of Vulnus Web was filled in as shown in Table 7. First, the masonry type and the possible improvements made by interventions were requested (fields 1–2). The improving coefficient can be defined from [81] by crossing the intervention with the masonry type; for coursed rubble, the value suggested for grouting is 1.5. This value was applied to the strength properties of the material. As the RP was assumed at the first story completely above grade, i.e., the first story, the number of floors assumed in the calculation was two (field 4); consequently, the overall height was measured from the level of the RP to the eave line of the taller part (field 5). The building was considered irregular in plan (field 6), as it has an L-shaped plan (Figure 10), but regular in elevation, in Vulnus terms, as the joist direction does not change across the floors (field 10) and the floors are of the same type at each level (field 19). Floors were considered heavy (field 8) and bidirectional (field 9) as they are oriented in both directions in the RP, although it would have been possible to consider them as parallel to the X axis. As all the floors are bordered by tie beams, their number was equal to the number of floors (above the RP) and the friction coefficient among floors and walls was set to 0.6 (fields 15–16). However, their effect was reduced considering that they are chased in the walls, so they cover just half of the thickness of the walls (field 18). There are no tie rods, so their number was set to 0 (fields 12, 14). The peak ground acceleration (pga) at the Damage Limitation (DL) and Severe Damage (SD) limit states (fields 21–22) were defined from [80] as 0.14 g and 0.34 g, respectively, considering the best option for soil conditions (class A, rock) and the worst for the topography of the site (class T4, ridge and slope ≥ 30°).



Figure 10 shows the Vulnus Web plan scheme and Table 8 the corresponding schedule stored in the remote database. The translation of the plan layout into the schedule was operated by the screener at this stage of the work. Internal partitions and stairs were neglected, and only the loadbearing walls were considered. The schedule must be filled out in order, following the progression of the walls and panels in each wall. For each panel, a screener must indicate the items described in Section 4.3. The flange effect was assessed as a function of the ratio between the distance between the first and the last opening from the start (rs) and the end node (re), respectively, of the panel and their width. The possible cases are (Equation (14)):


no opening →N;

rs ≥ 0.5 AND re ≥ 0.5 →O

rs < 0.5 AND re ≥ 0.5 →S

rs ≥ 0.5 AND re < 0.5 →E

rs < 0.5 AND re < 0.5 →B



(14)







The number of stories of the adjacent building was set to: (i) 0 when a boundary panel looks onto an open space; (ii) to the actual number when a boundary panel is shared with other buildings for more than half of its length; (iii) −1 when the panel is internal.



Table 9 shows the quality class of the GNDT-2 vulnerability factors for the MSB. Since tie beams and rigid slabs were added to the building and the masonry was not made of bricks or blocks, the expected interaction in seismic conditions is poor. Therefore, the overall organization and floor structure were classified as D. The roof has a timber structure which does not thrust out over the boundary walls, although the presence of an added crowning tie beam slightly worsens this good condition. The vertical and the plan irregularity are similarly low, as the building is L-shaped with the ‘flange’ is as long as the main edifice of the building, and there is a one-story difference between these parts. Moreover, the walls are thick compared to their length and, therefore, this parameter was assessed as good. The masonry quality is overall poor; it is slightly improved by the coursing and the grout injections, but the stones are much smaller than the wall thickness and there are no bond stones; the resulting normalized shear strength was low. The soil is rocky but steep, and there are probably no foundations; therefore, the resulting class was low. There are a few chimneys, non-structural ceilings are absent and internal partitions are very small, therefore non-structural elements were rated as good. The maintenance state is also good.




6.2. Results


VOP was calculated as 0.36 and it was obtained for panel 2 of wall 2 (compare Figure 10); Table 10 shows the other partial values of VOP, i.e., V′OP and V″OP. The first panel of the same wall was omitted as it is internal, and the local mechanisms were not calculated. Conversely, panel 1 of wall 5 was considered, as it may appear internal in Figure 10, but it is free at the TP (Figure 16); therefore, the possible local mechanisms were calculated for the TP. The overall overturning appeared as the most probable mechanism, and the vertical cracks (see Figure 15) may be also associated with this failure mode. The main expected ‘horizontal mechanisms’ were the overturning of the flange at the TP alone (Figure 2d), the vertical bending (Figure 2e) and the expulsion of the flange (Figure 2f). Actually, the crack pattern shows that the corners of the building suffered the most substantial damage, as they tended to be expulsed. The index VIP was calculated as 0.328 and the critical direction (i.e., the minimum value) was the X one. Finally, VV was 0.455 and Iv was 0.588; this slight difference was due to the poor-quality class of the factors Overall Organization and Floor Structures (D), given the added rigid floors slabs, which are neglected in VV. These values correspond to a moderate-to-low empirical vulnerability. This was confirmed by the seismic behavior of the building, as it was damaged, but no local mechanism exceeded the first activation, and the walls mostly showed IP cracking. Overall, the vulnerability was assessed as moderate to low, as VOP and VIP were almost equal to the expected pga at SD, and the components V′OP and V″OP were close to the pga at DL.



The fragility curves of MSB (Figure 17) referring to the activation of local mechanisms (DS2–DS3) had median values of 0.129 g, 0.163 g and 0.217 g for the upper, central and lower bounds of the vulnerability function, with standard deviations of 0.121 g, 0.175 g, and 0.160 g, respectively. These values resulted from fitting continuous curves into the discrete ones originally calculated by Vulnus.



Considering the expected pga values for the site, and the pga = 0.277 g measured in the 2016 Central Italy earthquake (station in Castelvecchio (PG) [86], 7 km away from Montesanto), there was a high probability of the activation of a local mechanism (about 85% for the white curve). Indeed, this is what occurred in the building.





7. Conclusions


Vulnus Web has innovated the Vulnus procedure for the simplified assessment of the seismic vulnerability of existing residential masonry buildings, based on their normalized shear strength, the activation of local mechanisms and their qualitative state. These three factors were combined by means of fuzzy set theory in a vulnerability function, the evolution of which is governed by the confidence level acquired for them during a survey; outcomes are a linguistic assessment of vulnerability and a fragility curve.



The main results achieved in this study are as follows:




	
The redefinition of the complete framework of the Vulnus procedure for the seismic vulnerability assessment of masonry buildings is based on simplified input, while also accounting for geometric and qualitative features.



	
The implementation of the procedure through a website improves both its dissemination, as it does not require installation on local devices, and its accessibility, thanks to a responsive user interface. The input phase was also simplified by a preformatted spreadsheet which can be uploaded to the website; likewise, the output can be downloaded from the website.



	
These new features enable the user to deal with building stocks of moderate size (a few hundred buildings), thus exceeding the capabilities of the previous version. The central archiving and management of data also contribute to the creation of a stock which can be analyzed and assessed over the course of a period of time.



	
Vulnus Web represents a transfer of technology from engineering practitioners to the general public, thus contributing to the spread of good practices and knowledge from the scientific community.



	
A trial application on a damaged building showed encouraging results in terms of expected damage (type and position) and an improved correlation with the probability of observing damage related to the activation of local mechanisms.








Among possible future developments, the following should be mentioned: (i) the automation of the qualitative vulnerability assessment, now mostly charged to the screener; (ii) the implementation of the geometric data of the RP from CAD/BIM models; and (iii) a further calibration through application to damaged buildings aimed at increasing the predictive capacity of the procedure. This may include the addition of new local mechanisms and comparison with other state-of-the-art mechanical approaches (e.g., pushover analyses) or vulnerability assessment methods.
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Appendix A. Vulnus Survey Form




	
1. Geometric Data and General Description




	
Datum

	
Value

	
Datum

	
Value




	
Masonry type

	

	
Facade length (X axis) [cm]

	




	
Masonry improving coefficient

	

	
Number of tie rods (X axis)

	




	
Maintenance state

	

	
Facade length (Y axis) [cm]

	




	
Number of floors

	

	
Number of tie rods (Y axis)

	




	
Height [cm]

	

	
Friction coefficient (X axis)

	




	
Regularity in plan

	

	
Friction coefficient (Y axis)

	




	
Floor area [m2]

	

	
Number of stories with tie beams

	




	
Floor load category

	

	
Tie beam/wall thickness ratio

	




	
Warping direction of diaphragms

	

	
Vertical irregularity

	




	
Regularity of diaphragms

	

	

	




	
2. Qualitative vulnerability assessment




	
Vulnerability factor

	
Quality class

	
Confidence Level




	
Overall organization

	

	




	
Masonry quality

	

	




	
Normalized shear strength

	

	




	
Soil and foundations

	

	




	
Floor structure

	

	




	
Plan irregularity

	

	




	
Vertical irregularity

	

	




	
Max distance between transverse walls

	

	




	
Roof structure

	

	




	
Non-structural elements

	

	




	
Maintenance state

	

	




	
3. Wall schedule




	
Wall

	

	

	

	

	

	

	

	

	

	




	
Direction

	

	

	

	

	

	

	

	

	

	




	
Start node

	

	

	

	

	

	

	

	

	

	




	
Panel ID

	

	

	

	

	

	

	

	

	

	




	
End node

	

	

	

	

	

	

	

	

	

	




	
Thickness (RP)

	

	

	

	

	

	

	

	

	

	




	
Length

	

	

	

	

	

	

	

	

	

	




	
Opening length

	

	

	

	

	

	

	

	

	

	




	
Flanges

	

	

	

	

	

	

	

	

	

	




	
Thickness (TP)

	

	

	

	

	

	

	

	

	

	




	
Number of stories (adjacent building)
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Figure 1. ‘Vertical’ local mechanisms: (a) overall overturning; (b) overturning at top story; (c) vertical bending at top story. 
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Figure 2. ‘Horizontal’ local mechanisms developing at story level: (a) horizontal bending; (b) compression at midsection; (c) overall overturning of masonry flange; (d) overturning of flange at top story; (e) vertical bending of flange at top story; (f) expulsion of flange at top story. 
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Figure 3. Loading schemes of masonry walls in Vulnus: (a) boundary walls, letters as in Equations (1) and (2); (b) resisting arch in thickness of internal walls (shaded area) loaded in OOP direction by seismic load (aW) and consequent thrust (H) on external walls. 
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Figure 4. Vulnus membership functions to any quality class (Q) according to confidence level (CL) for any given GNDT-2 factor. 
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Figure 5. Building vulnerability domain in Vulnus: hyperbolae in thick dashed lines represent crisp boundaries, whereas thin dash-dot lines correspond to fuzzy limits. The vulnerability function Vu in 3D space is projected on inclined axis. 
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Figure 6. Subdivision of structural units (numbers in circles) in: (a) town blocks; (b) large buildings; (c) detached buildings with vertical irregularities. 
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Figure 7. Possible positions of reference plan (RP): (a) sloping site with boundary walls underground for more than 2/3 of their length; (b) sloping site with boundary walls underground for less than 2/3 of their length; (c) flat site, repeated floor plan; (d) flat site, ground plan different from typical floor plan; (e) flat site, weaker intermediate story. 
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Figure 8. Number of stories in Vulnus: (a) 2 stories; (b) 2.5 stories owing to basement; (c) 2.5 stories owing to mezzanine; (d) 2.5 stories owing to habitable loft; (e) 2 stories on sloping site; (f) 1 story on sloping site. 
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Figure 9. Vertical irregularity of floors: (a) change in warping direction; (b) double-height floor; (c) additional loads or changes in floor type; (d) structural slabs in habitable loft. 
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Figure 10. Plan layout with Vulnus scheme (wall axis in circles, nodes in squares, panels in diamonds). 
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Figure 11. Effectiveness of masonry flange according to position of opening: (a) effective flange (d1 > d2); (b) ineffective flange (d1 < d2). 
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Figure 12. Scheme of classes, their attributes, and methods of Vulnus code. The attributes and main classes correspond to tables in relational database. 
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Figure 13. Homepage of Vulnus website after login. 
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Figure 14. Website form for data input. 
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Figure 15. MSB external views: (a) from north-west; (b) from south-east. 
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Figure 16. MSB elevations and crack pattern; dashed lines outline internal floors and walls (adapted from [62]). 
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Figure 17. Fragility curves for MSB: central probability (W), lower (L) and upper (U) bounds according to fuzzy sets of VOP, VIP and VV; discrete values calculated by Vulnus Web (Vulnus) and fitted continuous curves (Fit). 






Figure 17. Fragility curves for MSB: central probability (W), lower (L) and upper (U) bounds according to fuzzy sets of VOP, VIP and VV; discrete values calculated by Vulnus Web (Vulnus) and fitted continuous curves (Fit).



[image: Sustainability 15 06787 g017]







[image: Table] 





Table 1. Vulnerability factors and weights for their linear combination in GNDT-2 and Vulnus.
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	#
	Vulnerability Factor (VF)
	Code
	GNDT-2 Weight

(wi)
	Vulnus Weight (wi,Vulnus)





	1
	Overall organization (box likeness)
	OO
	1.50
	0.00



	2
	Masonry quality
	MQ
	0.25
	0.15



	3
	Normalized shear strength
	NS
	1.50
	0.00



	4
	Soil and foundations
	SF
	0.75
	0.75



	5
	Floor structure
	FL
	0.50–1.25
	0.50



	6
	Plan irregularity
	PI
	0.50
	0.00



	7
	Vertical irregularity
	VI
	0.5–1.00
	0.50



	8
	Max distance between transverse walls
	TW
	0.25
	0.00



	9
	Roof structure
	RF
	0.50–1.50
	0.50



	10
	Non-structural elements
	NE
	0.25
	0.25



	11
	Maintenance state
	MS
	1.00
	0.50
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Table 2. GNDT-2 and Vulnus vulnerability scores related to each quality class.
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	Quality Class
	GNDT-2 Score (vi)
	Vulnus Score (vi,Vulnus)





	A
	0
	0



	B
	5–15
	15



	C
	15–25
	30



	D
	45
	45
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Table 3. GNDT-2 and Vulnus vulnerability scores related to each quality class.
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	Confidence Level
	Code
	Obtained from/Sources





	Very good
	V
	Direct complete inspection, in situ testing, accurate drawings



	Good
	G
	Pictures, archival documents, direct partial/quick inspection, oral information



	Basic
	B
	Reasonable hypotheses, expert knowledge of the screener, analogies with similar buildings



	Unknown
	U
	Random guess, as no information is available
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Table 4. Vulnus floor load categories (r.c. stands for reinforced concrete).
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	Type
	Description
	g1 + g2 [kN/m2]
	g2,eq [kN/m2]
	q [kN/m2]





	Unknown
	-
	2.6
	0.4
	2.0



	Very light
	Timber
	1.1
	0.4
	2.0



	Light
	r.c./steel joists and jack arches
	2.6
	0.4
	2.0



	Moderate
	r.c. and clay blocks composite systems, without overlay
	4.1
	0.4
	2.0



	Heavy
	r.c. and clay blocks composite systems, with overlay
	5.6
	0.4
	2.0



	Very heavy
	r.c. and clay blocks composite systems, without overlay, structural vaults
	7.1
	0.4
	2.0
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Table 5. Masonry types and mechanical properties of materials available in Vulnus (adapted from [81]).
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Type

	
Compressive Strength

	
Tensile Strength

	
Specific Weight




	
[kg/cm2]

	
[kg/cm2]

	
[kg/m3]






	
Unknown

	
10.0

	
0.80

	
2100




	
Random fieldstone, pebbles

	
10.0

	
0.27

	
1900




	
Random rubble, uncoursed

	
20.2

	
0.53

	
2000




	
Random rubble, coursed

	
26.0

	
0.84

	
2100




	
Tuff, random rubble

	
14.0

	
0.42

	
1600




	
Tuff, ashlar

	
20.0

	
0.60

	
1600




	
Stone ashlar

	
58.0

	
1.35

	
2200




	
Solid clay bricks, lime mortar

	
26.0

	
0.75

	
1800
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Table 6. GNDT-2 and Vulnus vulnerability scores related to each quality class.
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Parameter

	
GNDT-2

Quality Class

	
Description

	
Coefficient






	
Plan regularity

	
A

	
Rectangular, compact

	
1.00




	
B

	
Rectangular oblong; L, U, H, T shapes with small flanges

	
1.00




	
C

	
Rectangular very oblong; L, U, H, T shapes with medium flanges

	
1.10




	
D

	
L, U, H, T shapes with large flanges;

	
1.10




	
Maintenance state

	
A

	
Good

	
1.00




	
B

	
Slight material degradation

	
1.00




	
C

	
Material degradation and/or fine cracks (up to 1 mm)

	
0.75




	
D

	
Heavy material degradation and/or moderate cracks (up to 5 mm)

	
0.50
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Table 7. GNDT-2 and Vulnus vulnerability scores related to each quality class for MSB.






Table 7. GNDT-2 and Vulnus vulnerability scores related to each quality class for MSB.





	#
	Input Field
	Value





	1
	Masonry type
	Coursed rubble



	2
	Masonry improving coefficient
	1.5



	3
	Maintenance state
	Good



	4
	Number of floors
	2



	5
	Height [cm]
	676



	6
	Regularity in plan
	Irregular



	7
	Floor area [m2]
	111.84



	8
	Floor load category
	Heavy (composite clay-r.c. system)



	9
	Warping direction of diaphragms
	Bidirectional



	10
	Regularity of diaphragms
	Regular (repeated at every story)



	11
	Façade length (X axis) [cm]
	1384



	12
	Number of tie rods (X axis)
	0



	13
	Façade length (Y axis) [cm]
	902



	14
	Number of tie rods (Y axis)
	0



	15
	Friction coefficient (X axis)
	0.6 (tie beams)



	16
	Friction coefficient (Y axis)
	0.6 (tie beams)



	17
	Number of stories with tie beams
	2 (all stories)



	18
	Tie beam/wall thickness ratio
	0.5



	19
	Vertical irregularity
	No
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Table 8. Vulnus schedule for geometric data input of MSB. In flange effect row, following keys are used: N = no opening, O = none, S = start node, E = end node, B = both; in number of stories, −1 indicates internal wall.






Table 8. Vulnus schedule for geometric data input of MSB. In flange effect row, following keys are used: N = no opening, O = none, S = start node, E = end node, B = both; in number of stories, −1 indicates internal wall.





	Wall
	1
	1
	2
	2
	3
	4
	4
	5
	5
	6





	Direction
	0
	0
	0
	0
	0
	87
	87
	87
	87
	87



	Start node
	1
	2
	4
	5
	7
	1
	4
	2
	5
	3



	Panel ID
	1
	2
	1
	2
	1
	1
	2
	1
	2
	1



	End node
	2
	3
	5
	6
	8
	4
	7
	5
	8
	6



	Thickness (RP)
	72
	80
	70
	70
	70
	75
	75
	70
	75
	70



	Length
	654
	730
	660
	730
	664
	453
	451
	459
	450
	464



	Opening length
	267
	120
	90
	120
	240
	200
	0
	81
	0
	0



	Flanges
	B
	R
	E
	O
	S
	E
	N
	O
	N
	N



	Thickness (TP)
	72
	80
	70
	70
	70
	75
	75
	70
	75
	70



	Number of stories (adjacent building)
	0
	0
	−1
	0
	0
	0
	0
	1
	0
	0
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Table 9. GNDT-2 and Vulnus vulnerability scores related to each quality class for MSB.
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	Vulnerability Factor
	Quality Class
	Confidence Level





	Overall organization
	D
	B



	Masonry quality
	C
	B



	Normalized shear strength
	C
	B



	Soil and foundations
	C
	U



	Floor structure
	D
	B



	Plan irregularity
	D
	V



	Vertical irregularity
	C
	V



	Max distance between transverse walls
	A
	V



	Roof structure
	B
	B



	Non-structural elements
	B
	V



	Maintenance state
	A
	V
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Table 10. Partial values of V′OP and V″OP for panels of MSB. It is specified in brackets if horizontal mechanism happens at start (S) or end (E) node of panel.






Table 10. Partial values of V′OP and V″OP for panels of MSB. It is specified in brackets if horizontal mechanism happens at start (S) or end (E) node of panel.













	Wall
	Panel
	Vertical Mechanism
	V′OP
	Horizontal Mechanism
	V″OP





	1
	1
	1a
	0.211
	2d (S)
	0.177



	1
	2
	1a
	0.193
	2d (E)
	0.189



	2
	1
	
	
	
	



	2
	2
	1a
	0.197
	2d (S)
	0.163



	3
	1
	1a
	0.206
	2d (E)
	0.184



	4
	1
	1a
	0.179
	2f (S)
	0.248



	4
	2
	1a
	0.161
	2f (E)
	0.201



	5
	1
	1b
	0.168
	2d (S)
	0.255



	5
	2
	1a
	0.161
	2e (E)
	0.256



	6
	1
	1a
	0.161
	2e (E)
	0.225
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