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Abstract 

Vulnerability assessment of cultural heritage assets and unreinforced masonry buildings is 

important for providing a resilient framework and sustainable reconstruction proposals. Owing 

to the vulnerability of unreinforced masonry structures to earthquakes, different seismic 

vulnerability assessment methodologies have been developed and can be classified, based on 

the scale of application, into: 1) single structure scale 2) building stock scale, and 3) large scale. 

The thesis was mainly aimed at improving the current methodologies for seismic vulnerability 

assessment of historical constructions and proposing efficient methods using modern 

technologies. 

First, topics related to simplified analytical methods for large-scale seismic vulnerability 

assessments were reviewed and investigated. Simplified analytical methods are presented for 

calculating the initial in-plane and maximum lateral strengths of unreinforced masonry walls 

with openings.  

The seismic vulnerability of unreinforced masonry buildings at a single-structure scale was 

investigated using equivalent frame methods. A new macroelement and an open-source 

graphical user interface were developed. The efficiencies of the different equivalent frame 

methods were investigated by comparing the results of the nonlinear analysis of various case 

studies. Moreover, the effect of pulse-like near-field ground motions on the seismic behavior 

of low-rise unreinforced masonry buildings was evaluated using the proposed macroelement.  

Finally, the seismic vulnerability assessment of cultural heritage assets, at a single structure 

scale, using the continuum homogeneous method, was evaluated by emphasizing model 

calibration based on operational modal analysis and the effect of soil-structure interaction. Two 

methodologies were proposed for deriving the simulation-based digital twins of historic 

structures and applied to two case studies. The application of different optimal sensor 

placement techniques for detecting the optimized location of accelerometer sensors for ambient 

vibration testing was explored. Furthermore, the effect of pulse-like near-field excitations on 

the seismic behavior of a masonry arch bridge was studied. 
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Sammendrag 

Sårbarhetsvurdering av kulturminner og uarmerte murbygninger som er utbredt i historiske 

områder er viktig for å gi et robust rammeverk og forslag til bærekraftig gjenoppbygging. På 

grunn av sårbarheten til uarmerte mur konstruksjoner for jordskjelv, ble forskjellige metoder 

for vurdering av seismisk sårbarhet utviklet og kan klassifiseres basert på skalaen til 

applikasjonen i 1-enkeltstrukturskala 2- bygningsmasseskala og 3- storskala. Hovedmålet med 

denne doktorgradsavhandlingen er å forbedre dagens metodikk for seismisk 

sårbarhetsvurdering av historiske konstruksjoner og foreslå effektive metoder ved bruk av 

moderne teknologi. 

For det første er temaene knyttet til de forenklede analysemetodene for seismisk 

sårbarhetsvurdering i stor skala gjennomgått og undersøkt. Det ble presentert forenklede 

analytiske metoder for å beregne den innledende i-planet og maksimal side styrke til uarmerte 

murvegger med åpninger. 

Seismisk sårbarhet av uarmerte murbygninger i en enkelt strukturskala er undersøkt ved bruk 

av tilsvarende rammemetoder. Et nytt makroelement ble utviklet, og et grafisk 

brukergrensesnitt med åpen kildekode ble laget. Effektiviteten til ulike ekvivalente 

rammemetoder har blitt undersøkt ved å sammenligne resultatene fra den ikke-lineære analysen 

av ulike casestudier. Dessuten ble effekten av pulslignende nærfelt-bakkebevegelser på den 

seismiske oppførselen til lave, uarmerte murbygninger evaluert ved hjelp av det foreslåtte 

makroelementet. 

Til slutt ble seismisk sårbarhetsvurdering av kulturminner i en enkelt strukturskala ved bruk av 

kontinuum homogen metode evaluert ved å vektlegge modellkalibrering basert på operasjonell 

modal analyse og effekten av jord-struktur interaksjon. To metoder for å utlede de 

simuleringsbaserte digitale tvillingene til historiske konstruksjoner ble foreslått og brukt på to 

casestudier. Anvendelsen av forskjellige optimale sensorplasseringsteknikker for å oppdage 

den optimaliserte plasseringen av akselerometersensorene for å utføre 

omgivelsesvibrasjonstesting ble utforsket. Videre ble effekten av pulslignende 

nærfelteksitasjoner på den seismiske oppførselen til en mur buebro studert. 
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1 Introduction  

The conservation of heritage structures is essential because of their cultural or historical value 

and distinct features, such as architecture, ornaments, and valuable objects they contain. 

Historic structures have witnessed a rich tradition of craftsmanship and structural and material 

knowledge [1, 2]. Therefore, the loss of cultural heritage sites is irreplaceable. Technological 

knowledge of heritage construction techniques helps identify the best strategies for their 

conservation and can be used for improving the resilience of contemporary structures [3, 4]. 

Timber, brick, and stone are the most conventional construction materials used in historic areas 

[3].  

Hyperion is a European Union-funded project dedicated to improving the resilience of historic 

areas, cultural heritage sites, and monuments. This thesis includes project tasks related to the 

structural vulnerability assessment of cultural heritage assets. Figure (1) depicts some of the 

structures studied within the context of the project.  

   

(a) (b) (c) 

Figure 1: (a) Roman bridge in Rhodes, Greece, (b) Slottsfjel tower in Tønsberg, Norway, and (c) Nailac tower in 

Rhodes, Greece. 

Historic masonry structures are vulnerable to earthquake loads because of the brittle 

construction material and because the structures were not designed based on current reliable 

design codes [5]. Moreover, their structural conditions change owing to material degradation, 

changes in boundary conditions, and changes in applied loads since the time they were built 

[6].  
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Unlike the number of timber buildings, the number of masonry buildings in southern European 

countries is higher than that in northern countries [7, 8]. Figure 2 shows the distribution of 

unreinforced masonry (URM) buildings [7] and cultural heritage assets in Europe. Thus, it can 

be concluded that URM is one of the most prevalent structural typologies. 

  
(a) (b) 

Figure 2 Exposure of the distribution of (a) URM buildings [7] and (b) cultural heritage assets (adapted from 

https://whc.unesco.org/) in European countries. 

URM is a prevalent structural system in high-seismicity zones, together with cultural heritage 

sites in European countries, based on the seismic hazard map illustrated in Figure 3 (a) [9] and 

the exposure data from Figure 2. As shown in Figure 3 (b), the average annual loss (AAL) in 

some parts of the high-seismicity zones is more than 5,000 USD per m2, representing a severe 

economic loss for governments [10].  

In addition to seismic hazards, the cultural heritage sites and URM structural typology are 

located in the landslides and volcanic eruption-prone areas based on the hazard maps presented 

in Figure 3 (c) and (d) [11, 12]. Consequently, reliable and fast vulnerability assessment 

methodologies at different scales must be developed for multi-hazard risk understanding, better 

preparedness, adapted and efficient responses, and sustainable reconstruction of historic areas.  

 

https://whc.unesco.org/
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(a) (b) 

  
(c) (d) 

Figure 3: (a) seismic hazard map [9], (b) seismic risk map [13], (c) landslide susceptibility map [12], and (d) 

hazard map of volcanos [12] of the European countries.  

Seismic vulnerability assessment methodologies can be categorized into two main groups: 

simplified and detailed methods. Simplified methods are associated with mechanics-based 

equations that evaluate the seismic vulnerability of masonry buildings. The simplified 

analytical methods (SAM) are subcategorized into three groups:1) collapse mechanism-based, 

2) capacity spectrum-based, and 3) fully displacement-based [14]. The collapse multipliers for 

different probable collapse mechanisms of URM structures, subjected to lateral loadings, are 

obtained from the collapse-mechanism-based methods [15]. In capacity spectrum-based 

methods, the seismic behavior of a structure is derived from a capacity (pushover) curve [16]. 

The capacity curves are defined based on mechanics-based equations that depend on the 

material properties and geometries of the selected building typologies. Fully displacement-
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based methods mainly compare the displacement capacity of buildings for each damage 

threshold with the displacement demand to derive the possibility of crossing damage thresholds 

[17]. Except for some collapse mechanism-based methods [18, 19], numerical modeling of the 

structure in computer programs is not required, and the structures are assessed based on the 

collected data and equations.  

However, detailed numerical modeling of structures and simulation of earthquake events are 

more accurate with lower uncertainty levels than SAMs. However, detailed assessment 

methods require significant computational effort and do not usually apply to the seismic 

assessment of structures on a large scale [14]. Different detailed modeling strategies can be 

categorized into three groups: 1) equivalent frame method (EFM), 2) continuum homogenous 

method (CHM), and 3) discrete element method (DEM) [20].  

In EFMs, a perforated URM wall is represented by vertical (pier) and horizontal (spandrel) 

elements connected with rigid zones. Each element is modeled using a frame or spring element 

with a specific backbone curve and hysteresis rules. EFMs are rarely used for simulating 

cathedrals or masonry bridges but are widely used for the nonlinear dynamic analysis of 

masonry buildings. In EFMs, the out-of-plane mechanisms simulated using the CHM and DEM 

approaches are usually neglected.  

In CHMs, no distinction between individual masonry units and mortar is considered, and the 

material properties of masonry prisms are assigned to models that can be membrane, shell, or 

three-dimensional (3D) solid elements [21]. However, in DEM, which is considered the most 

accurate methodology, the brick or stone units and mortar interfaces are modeled separately 

[22]. 

After developing an accurate model, an appropriate analysis method should be used for 

predicting the possible damage and structural demands when subjected to earthquake loads. 

Owing to the brittleness of masonry caused by its low tensile strength, existing URM buildings 

exhibit nonlinear behavior even in the early stages of seismic loading; therefore, nonlinear 

analysis is crucial for an accurate seismic vulnerability assessment methodology [23].  

Nonlinear static or pushover analysis (POA) is widely used for the seismic vulnerability 

assessment of URM buildings [24], and different assessment methodologies based on POA 

results, such as the N2 method [25, 26], have been developed. POA results can highly depend 

on the load pattern applied to buildings, particularly the buildings with significant higher-mode 

effects, and may not reflect near-field velocity pulses, which can considerably influence the 
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structural response [27]. To this end, nonlinear time history analysis (NTHA) is considered  the 

most robust analysis method for seismic assessment [28]. It considers the earthquake record 

specifications, that are, the earthquake’s duration, sequence of peaks, and frequency content, 

which may influence the structural response, which are neglected in the monotonic POA 

procedure [27]. However, NTHA has been scarcely utilized for the seismic vulnerability 

assessment of full-scale historic structures because of the need for considerable computational 

efforts, specialized practitioners for performing the analysis, high level of input data, and 

difficulty in interpreting the results [29]. 

Seismic fragility functions describe the conditional probability of a structure being damaged 

for a given intensity measure (IM). This is one of the main topics in performance-based 

earthquake engineering procedures that allow the prediction and evaluation of the probabilistic 

seismic performance of bridges and buildings in terms of loss of use, repair cost, and casualties 

[30, 31].  

Incremental dynamic analysis (IDA) [32, 33] and multi-stripes analysis (MSA) [34] are the 

most well-known methods for deriving the fragility curves of structures. IDA is a parametric 

analysis method, in which the IM of a set of records is increased until it reaches a limit state 

[32]. However, in the MSA, different records are classified into groups with specific IMs [34]. 

Figure 4 summarizes the methodologies used for the seismic vulnerability assessment of URM 

structures. 

 

Figure 4: Schematic overview of different analytical methods for seismic vulnerability assessment of URM 

buildings. 
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Various historic URM structures with complex architectures must be preserved, similar to 

existing vernacular URM buildings. In recent decades, the resilience and sustainability of 

historic cities hosting cultural heritage sites and monuments have attracted considerable 

attention [1]. A robust vulnerability assessment methodology must be applied on a large scale 

for delivering an integrated resilience assessment platform. These methods should be user-

friendly because of the presence of a large number of archetypes and the need for fast 

computations [14, 35].  

The scale of vulnerability assessment procedures can be classified into three groups:1) single-

structure scale, 2) small building stocks, and 3) large scale [35]. Figure 5 shows the 

classification of seismic vulnerability assessment methodologies based on the scale of the case 

studies. 

 

Figure 5: Classification of different scales for seismic vulnerability assessment methodologies (adapted from 

Paper I). 

Among the analytical methods, SAM is considered optimum for the seismic vulnerability 

assessment of URM buildings at a building stock or large scale [14]. Conversely, detailed 

analytical methods, especially EFMs, are typically used for the seismic vulnerability and 

damage assessments of URM buildings at a small scale [20, 36]. The CHM is considered the 

best for numerically modeling complex architecture or structures vulnerable to local failure 

mechanisms [20, 37]. Fewer input data and less computational effort are the two main 

advantages of CHM over DEM that encourage the use of CHM for the nonlinear analysis of 

full-scale masonry structures with complex architectures, such as masonry towers, bridges, 

cathedrals, and minarets [20, 35]. However, DEMs are typically used for the nonlinear analysis 

of URM structural elements for obtaining the most accurate crack patterns, crack widths, and 

in-plane and out-of-plane load-bearing behaviors [23]. 
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1.1 Objectives  

The main objectives of this thesis entail developing: 1) new SAMs to evaluate the seismic 

vulnerability of URM buildings at a large scale, 2) a novel EFM to assess the seismic 

vulnerability of URM buildings at a single building scale, and 3) efficient methodologies to 

build 3D simulation-based models and appraise the seismic vulnerability of URM structures at 

a single structure scale using CHM. 

The sub-objectives of this thesis are as follows: 

(A) Investigating the advantages and disadvantages of various SAMs and comparison of 

definitions of different limit states for seismic assessment of masonry buildings. 

(B) Introducing accurate SAMs for estimating the initial in-plane stiffness (IIPS) and 

maximum lateral strength of masonry walls with openings. 

(C) Developing a new macroelement that can simulate the seismic behavior of URM piers 

and spandrels and comparing it with existing models. 

(D) Developing an open-source graphical user interface (GUI) for seismic analysis of URM 

buildings. 

(E) Evaluating the effect of near-field excitations on the seismic demand of masonry 

structures. 

(F) Developing a fast and accurate methodology for 3D simulation-based digital twins of 

historic structures. 

(G) Investigating the effect of soil-structure interaction (SSI) on the optimal sensor 

placement (OSP) results and model updating process. 

(H) Investigating the effect of SSI on the seismic behavior of masonry arch bridges. 

(I) Comparing the efficiency of fiber-reinforced cementitious matrices (FRCM) systems 

and using improved masonry materials for strengthening a historical masonry bridge. 
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1.2 Thesis at a glance  

The relationship between the papers published thus far and abovementioned main and sub-

objectives is shown in Figure 6, which indicates objectives corresponding to each paper. 

Furthermore, papers that are mostly related to one of the main objectives are depicted in three 

colors as shown on the right side of the figure. 

 

Figure 6: An overview of the relationships between the appended papers and the objectives. 

This thesis presents a literature review corresponding to the three aforementioned main topics. 

Subsequently, the theories and methodologies used in the appended papers are briefly 

discussed. In the last section, the conclusions of each paper are appended and suggestions for 

future research are discussed. 
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2 Literature review 

This section is dedicated to the background of the three main topics of this thesis: SAM, EFM, 

and CHM. First, SAMs developed for deriving the IIPS of perforated masonry walls are 

introduced. Subsequently, SAMs for calculating the maximum lateral strength of URM piers 

in a perforated wall were reviewed, emphasizing the zero-moment coefficient. In the following 

subsection, developed EFMs are reviewed. Finally, recent research studies related to 3D 

geometric documentation, finite element (FE) updating, soil-structure interaction effects, and 

strengthening strategies, which focus on CHM for the seismic assessment of cultural heritage 

assets, are reviewed. Moreover, previous studies concerning the effect of near-field ground 

motions on the seismic behavior of URM buildings and bridges are presented in the EFM and 

CHM sections, respectively.  

2.1 Simplified analytical methods 

Some of the SAMs are dedicated to calculating some characteristics of URM structural 

components without using numerical simulations [38, 39]. One of the most important 

parameters of the backbone curve of a URM structural component is IIPS. The IIPS of each 

pier of a perforated wall is calculated based on the deep beam theory by neglecting the 

flexibility of the two ends owing to the presence of spandrels and summing the IIPS of the piers 

[40]. However, this method overestimates the IIPS [40]. A similar approach was presented for 

calculating the IIPS of walls with regular and irregular openings; however, no validation 

studies have been presented [41]. The interior strip method is another SAM [42]; however, it 

inaccurately estimates the IIPS of perforated URM walls. In the modified boundary conditions 

stiffness method (MBCSM), modification factors are provided for the flexural stiffness of piers 

based on the mechanics-based equations for calculating the rotational deformations of the top 

and bottom spandrel of a pier [43]. The accuracy of the method was verified by comparing the 

results with FE analysis results [43, 44]. In the equivalent height method (EHM), a regression 

analysis based on the FE analysis of cantilever piers with different boundary conditions helps 

modify the pier stiffness and develop equations based on the geometry of the pier and spandrels 

at the two ends of the selected pier [40]. This method was validated by comparing the results 

with the FE analysis results of four perforated walls [40]. Paper II investigated the accuracy of 

the MBCSM and EHM by comparing the results of the FE analysis. In total, 15 perforated 
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walls with regular and irregular opening configurations were modeled, and possible 

modifications to the SAMs were proposed. 

The maximum lateral strength of URM elements is another effective parameter of the load-

bearing behavior of URM buildings [45, 46]. Different equations have been presented and 

embedded in Eurocode 8 Part 3 [47], NTC [48], FEMA 356 [49], and FEMA 273 [50]. A zero-

moment coefficient (𝛼0) was used for calculating the maximum lateral strength of the piers. In 

the aforementioned codes, values for the ideal and typical test layouts are suggested for 𝛼0. 

One strategy is applying a mode proportional load pattern, based on the fundamental mode 

shape, to the elastic model of the wall and defining the moment distribution diagram of each 

pier and calculating the 𝛼0 [51]. In Paper VI, different equations were proposed for calculating 

the 𝛼0 parameters of piers of low-rise URM buildings, and the accuracy of the code-defined 

values was discussed.  

2.2 Equivalent frame methods 

The first developments in the EFM originated from the POR method, which considers a simple 

elastoplastic behavior for beam nonlinearity by assuming rigid spandrel and nodal zones [52]. 

Shear and rocking hinges were modeled separately for simulating the structural behavior of the 

pier and spandrel elements [53]. To investigate the axial-shear (N-V) interaction, a method 

implementing two rotational plastic hinges at the two ends of the beam elements was developed 

in SAP 2000 [51]. A two-node macroelement consisting of three parts, including the central 

part and two interfaces at the two ends of the element, was calibrated to account for the accurate 

cyclic behavior of both flexural and shear failure mechanisms and implemented in the 3Muri 

software package [54]. This macroelement was then modified to address the limitations, i.e., 

the inability to simultaneously capture both the axial and flexural stiffness of the element and 

neglecting the N-V interaction [55, 56]. Different methods have been proposed for considering 

the axial-flexural (N-M) interaction using fiber elements and shear spring elements in the 

middle of the macroelements [57, 58]. Double-modified multiple-vertical-line-element-model 

(DM-MVELM) is an EFM consisting of two modified multiple-vertical-line-element-models 

(MVLEMs) [59, 60] connected by a nonlinear shear spring in the middle, as presented in Paper 

III. This macroelement requires less computational effort than fiber-based macroelements and 

can be used to simulate the nonlinear behavior of spandrels. Different EFMs have been 

developed using nonlinear springs for simulating entire walls or structural components without 

utilizing frames or truss elements [41, 61, 62]. A comparative study of the efficiencies of the 



18 

 

three EFMs is presented in Paper IV. Moreover, open-source software for the seismic analysis 

of URM buildings is not available. Therefore, in Paper V, a GUI was developed using the DM-

MVLEM for modeling URM buildings.  

Previous research on the effects of far-field (FF) and pulse-like near-field (PL-NF) ground 

motions on the seismic vulnerability assessment of URM buildings is limited, and one such 

study investigated a 3D one-story URM building [63]. The study found that the building was 

more susceptible to PL-NF seismic events than to FF ground motions [63]. Although some 

studies have examined the impact of NF ground motions on the seismic behavior of URM 

buildings, most have been limited to the POA of detailed numerical models and NTHA of the 

equivalent single-degree-of-freedom model of buildings [64, 65]. However, as is widely 

accepted, detailed numerical modeling approaches more accurately represent the seismic 

behavior of URM walls than equivalent single-degree-of-freedom models [66]. Paper VI 

examined the effect of PL-NF ground motion on the seismic fragility of low-rise URM 

buildings. In this study, nonlinear models of the walls were developed using the DM-MVLEM, 

and IDA was performed for deriving the fragility curves. 

2.3 Continuum homogenous methods 

The creation of 3D simulation-based digital twins of cultural heritage structures has recently 

garnered significant attention. [67]. 3D geometric documentation is important for developing 

simulation-based digital twins of historical constructions with complex architectures [68]. 

Various studies have attempted to find a fast and accurate methodology for building 3D models 

of historical constructions using new technologies and sensing devices, such as 3D laser 

scanners, digital cameras, and drones [69, 70]. Traditionally, 3D CHM-based FE models have 

been developed in FE analysis software packages based on the data measured and derived from 

geometric models. However, some semi- or fully automatic methodologies have been proposed 

for converting 3D point clouds of structures into CHM-based FE models [71-74]. In Paper VII, 

a semiautomatic methodology for developing 3D simulation-based digital twins of historic 

structures was proposed.  

Conversely, defining accurate material properties is another step in developing a numerical 

model. Destructive tests cannot be used for determining the mechanical properties of historic 

structures [75]. Therefore, updating the model of cultural heritage structures based on the 

modal properties of a real structure, derived from an operational modal analysis (OMA), would 

be a solution. The initial stage of conducting the ambient vibration test (AVT) involves the 



19 

 

installation of accelerometer sensors, after which a variety of OMA techniques can be applied 

to the data obtained from sensors for determining the natural frequencies and mode shapes of 

the structure under investigation [76-78]. The primary aim of the model-updating step is to 

minimize the differences in the dynamic characteristics of the numerical model and structure 

[79]. However, the cost of sensors is one of the main limitations of OMA, and various OSP 

methods have been proposed for detecting the best location for a limited number of sensors 

before performing AVTs [80-82]. The application of OSP methods for the modal identification 

of historic structures was investigated in Paper IX. 

SSI effect is usually ignored in model updating and seismic analysis, but previous studies have 

shown an inevitable effect of SSI on the nonlinear dynamic analysis results of masonry 

structures [83-86]. Moreover, for heavy historic structures, such as masonry bridges or 

cathedrals, the inertial interaction effect that further deforms the soil and changes the base 

motion is more pronounced [84, 87]. A few studies have considered the effect of SSI on the 

results of the model-updating process accounting for historic masonry structures [88-91]. In 

Papers VII and X, the effect of considering the SSI on model updating and seismic analysis 

results was investigated. 

Owing to the high computational effort, most numerical studies on the seismic behavior of 

URM bridges are limited to the POA or NTHA by applying a limited number of seismic ground 

motions to the structure [92-94]. Comparing the seismic responses of masonry bridges 

subjected to NF and FF seismic events is one of the main topics of these studies [95-97]. The 

findings of these studies indicated a higher vulnerability of masonry bridges to FF than to NF 

ground motions. In Paper VIII, masonry bridges were concluded to be more vulnerable to FF 

ground motions than PL-NF seismic events by applying relatively more seismic events to a 

masonry bridge than in previous studies. A few studies have focused on the seismic analysis 

of masonry bridges using IDA or MSA methods. The IDA of a masonry bridge was performed 

after calibrating the model based on OMA results [98]. In Paper X, MSA was performed on a 

calibrated bridge considering SSI effects for obtaining fragility curves. 

Seismic strengthening is required for improving the resilience of cultural heritage assets after 

seismic damage analysis and defining the vulnerable parts [3]. The seismic strengthening of 

historic structures presents a complex challenge, given their significance as cultural heritage 

assets. Consequently, a set of guidelines must be adhered to, including principles such as 

authenticity, minimal intervention, compatibility, reversibility, and durability, which play a 
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critical role in the preservation and protection of these structures [99, 100]. However, finding 

a strengthening strategy that satisfies all these rules is challenging. Studies have investigated 

the effects of different strengthening systems, including FRCM [101, 102], fiber-reinforced 

polymer (FRP) composites [103, 104], and steel anchorage [105], and enhancement of the 

existing masonry mechanical properties [106] on the seismic behavior of masonry structures. 

Paper X investigated the effects of different strengthening strategies on a masonry arch bridge. 
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3 Theoretical framework and methodology 

Paper I examined the distribution of URM buildings across various high-seismic activity zones. 

In addition to outlining the various damage limit states for URM structures, multiple seismic 

vulnerability assessment methodologies and related software were explored. 

In Paper II, the MBCSM and EHM were used for calculating the IIPS of a perforated URM 

wall, which were validated against FE analysis results. The FE modeling approach was 

validated against an experimental test result on a URM wall with an opening. In both methods, 

the piers and spandrels were converted into springs, a perforated URM wall was converted into 

a system of series or parallel springs, and the IIPS of the entire wall was calculated based on 

the series or parallel spring rules. To investigate the accuracy of the methods, the results of the 

EHM and MBCSM were compared with the FE analysis results of 15 URM walls with 

openings. 

The EHM validated in Paper II was used for deriving the IIPS of URM walls for developing 

numerical models based on the unified method (UM) [41], which is the simplest macroelement 

discussed in Paper III. A perforated wall was modeled using a single UM macroelement 

composed of a nonlinear shear spring for simulating the lateral load-bearing behavior of the 

entire wall. The maximum lateral load-bearing strength was calculated from an equation with 

a conservative approach by assuming uncoupled piers, indicating consideration of null shear 

strength for the spandrels [41]. 

Understanding the probable failure modes of URM walls is crucial for understanding the load-

bearing behavior of URM piers. The failure modes of URM walls, subjected to combined 

vertical and in-plane loadings, depend on different properties, such as the wall aspect ratio, 

mechanical properties of the masonry, and boundary conditions. The shear sliding failure 

mode, as depicted in Figure 7 (a), typically involves sliding along a single mortar bed joint line 

or stepwise sliding along the bed and head joints and is commonly observed in squat walls. 

The diagonal cracking failure mode involves both masonry units and mortar joints, with the 

formation of a diagonal crack starting from the middle of the wall and propagating toward the 

corners, as shown in Figure 7 (b). The rocking failure mode produces tensile or crushing cracks, 

or both, at the corner of the wall, as depicted in Figure 7 (c), which most frequently occurs in 

slender walls [45, 51]. 
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Figure 7: Crack patterns of a URM wall subjected to axial and cyclic lateral loadings for the (a) shear sliding (b) 

diagonal cracking, and (c) rocking failure modes (adapted from Paper III). 

The composite spring method (CSM) [61] is the second method discussed and validated against 

the experimental test results in Paper III. In the CSM, a perforated URM wall is represented by 

piers and spandrels connected with rigid elements based on the Dolce method [107]. The lateral 

load-bearing behavior of the piers was simulated using nonlinear shear springs with a trilinear 

backbone curve. The spandrels were modeled using linear beam-column elements. The 

maximum lateral strength of the piers was defined as the minimum value of the lateral strength 

owing to the three aforementioned failure modes. The IIPSs of the piers were calculated based 

on the deep beam theory assumption by combining the shear and flexural stiffnesses of the pier 

with fixed-fixed boundary conditions. The IIPS and maximum lateral strength of the piers were 

calculated based on the height of a pier modified using the Dolce method.  

A novel macroelement was proposed in Paper III based on an available element in the 

OpenSees library [108]. MVLEM is a macroelement model developed for modeling flexure-

dominated reinforced concrete (RC) shear walls comprising a set of uniaxial nonlinear fiber 

elements connecting the upper and lower rigid beam elements and a nonlinear shear spring that 

is located at a specific height (ch) [59, 60]. Figure 8 shows the kinematics of the MVLEM 

element subjected to lateral and axial (compression) loadings.  

 

Figure 8: Kinematics of the conventional MVLEM element subjected to lateral and axial (compression) loadings 

(obtained from Paper III).  
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MVLEM elements were modified for accurately modeling the pure axial-flexural behavior of 

a wall and disregarding its shear behavior. The rotational center of the MVLEM element was 

repositioned at the end of the element, as shown in Figure 9 (a). Furthermore, the first 

(horizontal transition) degrees of freedom must be rigid, and all other degrees must be free. A 

DM-MVLEM macroelement is composed of two modified MVELM connected to a nonlinear 

shear spring, as illustrated in Figure 9 (b), for implementing an explicit shear behavior 

formulation for URM walls. A material exhibiting a masonry stress-strain curve was assigned 

to the fibers, and trilinear backbone curves were assigned to the material of the nonlinear shear 

springs. The maximum lateral strength of the pier elements can be determined as the minimum 

value of the maximum lateral strength owing to the shear sliding and diagonal cracking failure 

modes because the fibers control the rocking failure mode. The maximum lateral strength of 

the spandrels was determined as the minimum value of the maximum lateral strength, due to 

diagonal cracking, and interlocking strength at the bed joints at the intersection between the 

spandrel and piers. The shear stiffness of the wall, considering the deep beam theory for an 

element with fixed-fixed boundary conditions, was considered for deriving the trilinear 

backbone curve of the nonlinear shear springs.  

 

Figure 9: (a) modified MVLEM, (b) double modified MVLEM with nonlinear shear spring, (c) DM-MVLEM 

(adapted from Paper III).. 

Paper IV focused on modeling three perforated URM walls using the UM, CSM, and DM-

MVLEM approaches resulting in the development of nine distinct models. Subsequently, the 

POA and IDA were conducted for assessing the fragility and failure modes of the structural 

elements, and the resulting pushover and fragility curves were compared. Figure 10 shows the 



24 

 

Pavia door wall [109], a case study in Paper IV, tested by applying cyclic loadings, and the 

developed nonlinear models based on the UM, CSM, and DM-MVLEM methods. 

 
   

(a) (b) (c) (d) 

Figure 10: (a) Pavia door wall [109] (b) DM-MVLEM (c) CSM and (d) UM models of the case study (obtained 

from Paper IV). 

Open-source software for the nonlinear analysis of URM buildings is not available. 

Furthermore, the available MVLEM elements in the OpenSees library cannot be modeled 

horizontally for simulating URM spandrels based on DM-MVLEM [108]. Therefore, the 

spandrel elements should be modeled manually. Calculating the material properties of elements 

and assigning processes is demanding and can be affected by human error. Hyperomet, an 

open-source GUI for the OpenSees framework, was developed to bridge these gaps and is 

presented in Paper V.  

Paper VI evaluated the seismic fragility of low-rise URM buildings subjected to FF and PL-

NF ground motions. URM is considered the most conventional structural system for low-rise 

buildings. Four URM walls with a maximum of two stories were selected, and nonlinear 

models were used for the DM-MVLEM using the Hyperomet GUI. To obtain the maximum 

shear strength of the piers, the 𝛼0 was calculated for each pier of a perforated URM wall while 

developing the nonlinear model. A linear static analysis was performed by applying a mass-

proportional load pattern to nine case studies, and the coefficient was calculated for each pier. 

Subsequently, a regression analysis was performed to determine the equations for obtaining 

the 𝛼0 values instead of creating linear equivalent frame models and performing a linear static 

analysis. Next, pushover curves were derived through nonlinear analysis, and the damage limit 

states were determined for each model. An IDA was then conducted by applying the FF and 

PL-NF ground motions to each case study. Based on the IDA results, fragility curves were 

developed for each damage limit state. This study examined the susceptibility of one- and two-

story URM walls to FF and PL-NF seismic events by comparing the derived fragility curves. 
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The topic of this thesis is not limited to the numerical modeling and vulnerability assessment 

of URM buildings based on SAM and EFM but also includes simulations of URM structures, 

including bridges and towers, based on the CHM. Therefore, two methodologies were 

presented for creating simulation-based digital twins of masonry structures with complex 

architectures.  

In Paper VII, a semiautomatic methodology for creating a 3D FE model of historic structures 

from point clouds was proposed and applied to a masonry tower called the Slottsfjel in 

Tønsberg, Norway. To build the 3D point clouds, the inside and outside of the tower were 

scanned 20 times using a 3D laser scanner. The point clouds were merged to provide 3D dense 

point clouds. Subsequently, a 3D model was developed based on the 3D dense point cloud file. 

To develop the 3D FE model of the tower, the industry foundation classes (IFC) format of the 

3D model was exported and converted into the standard for the exchange of product model 

data (STEP) format, which is suitable for importing 3D models with solid elements in the 

DIANA (2020) software [110]. Imported computer-aided design (CAD) files must be repaired 

before generating the mesh. These files contain (unintended) small entities, small edges, 

duplicate curves, and surfaces, which can be removed using three tools available, and their 

shapes can be repaired in DIANA software [110]. 

Conversely, a vibration-based model updating procedure was followed using six 3-Axis 

MEMS accelerometers with a sampling rate of 250 Hz. The accelerometers were equipped with 

a global positioning system (GPS) antenna for recording time and synchronizing all data from 

the accelerometers based on the recorded time. After performing an AVT, operational modal 

analysis (OMA) was performed using three frequency-domain methods for deriving the modal 

properties of the tower. Finally, the model was updated using the FEMTools software package 

[111]. The objective of model updating is to adjust the selected material properties to reduce 

the weighted absolute relative difference between resonance frequencies and increase the 

diagonal elements of modal assurance criteria (MAC) matrix [111]. Figure 11 illustrates the 

methodology and software packages used at each step of developing the calibrated 3D FE 

model of the tower. 
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Figure 11: Methodology for constructing the 3D simulation-based digital twin of historic structures applied to 

the Slottsfjel tower together with utilized software packages (obtained from Paper VII). 

Three FE models of the Slottsfjell tower were developed in Paper VII. The first model was the 

FB model with rigid boundary conditions at the base. The SM model was developed 

considering triaxial springs at the base of the tower for considering the SSI based on the 

substructure method, and in the DM model, the foundation and soil box were modeled using 

the direct method [84]. All three models were updated based on the first five natural frequencies 

derived from OMA. A linear time history was obtained by applying two seismic records to the 

models for comparing the structural demands.  

Another approach for the 3D geometric documentation of cultural heritage assets was presented 

in Paper VIII and applied to developing a 3D model of the Roman Bridge on Rhodes Island, 

Greece. Aerial and ground images, respectively obtained using drones and cameras, were 

processed using image-based modeling software by filtering and reducing noise for developing 

a dense point cloud of the structure. In addition, 3D laser scanners were used for filling the 

gaps in the point clouds from digital images and providing the final dense point cloud [112, 

113]. The target points were defined for the point clouds from the laser scanners and ground 

control points for the orientation of images using all stations. Georeferencing avoids possible 

errors when combining and processing datasets obtained from different instruments. Finally, 

the dense point cloud, 3D light model, and cross-sections were obtained from the process, and 

the 3D FE model of the bridge was developed based on the geometries derived from the 3D 

geometric documentation outcomes [68]. Figure 12 shows the 3D geometric documentation 

process. 
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Figure 12: Methodology for obtaining the final dense point cloud of historic structures applied to the Roman 

bridge (obtained from Paper VIII).. 

The material properties were defined using the empirical equations [114], and a 3D FE mesh 

was provided for further analysis. The seismic vulnerability of the Roman bridge was assessed 

in Paper VIII using POA for defining the limit states [115] and NTHA for deriving the 

structural demands. Notably, 15 seismic records were categorized into three different seismic 

records: 1) FF, 2) PL-NF, and 3) non-pulse-like near-field (NPL-NF) ground motions. These 

seismic excitations were scaled to the target spectrum with a 10 % probability of exceedance 

in 50 years with 475 years return period and applied to the bridge model in transverse direction 

[116, 117]. Furthermore, the correlation between the seismic excitation properties and seismic 

demand of the structure, in terms of the maximum displacement, cracked volume, and crack 

width, was investigated at the final time step of the analysis using linear regression analysis. 

The application of OSP methods to non-updated FE models of the Slottsfjel tower and Roman 

bridge was investigated in Paper IX. OSP methods can be categorized into two main groups: 

sensor placement and sensor elimination [80]. The MAC matrix is the acceptance criterion for 

investigating the observability of the modes and their independence and is commonly used for 

mechanical and structural applications [111]. The OSP results of the Slottsfjel tower model 

with and without considering SSI effects were compared for investigating the effect of the SSI 

on the OSP analysis results. Furthermore, the most optimized locations were derived, and the 

best methods for checking the MAC values were determined for both case studies. 

In Paper VII, a linear time history analysis was performed by neglecting the nonlinearity of the 

masonry, while in Paper VIII, the bridge was modeled without considering the SSI and was not 

calibrated based on the OMA results. To address these limitations, the Roman bridge model 
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was modified by applying geometric details such as openings in the central pier, and the SSI 

effect was considered in Paper X. Furthermore, AVT was performed, and the OMA results 

revealed the first four natural frequency values and mode shapes of the bridge. The sensor 

locations were determined based on the OSP results presented in Paper IX. Subsequently, POA 

was performed to define the limit states of the updated model and MSA was performed to 

derive the fragility curves for each damage threshold based on the maximum likelihood method 

[118]. All the sensing devices used for creating the 3D simulation-based digital twin of the 

bridge are shown in Figure 13 (a), and the methodology for deriving the fragility curves is 

presented in Figure 13 (b). 

 

Figure 13: (a) Utilized sensing technologies for the 3D geometric documentation and (b) methodology of 

developing 3D simulation-based digital twins and seismic fragility of historic structures (adapted from Paper X). 

To investigate the effect of SSI on model updating and seismic analysis results, two models 

were developed. In the fixed-based model, the SSI effects were neglected, and in the SSI model 

the foundations and soil media were modeled based on the direct method [84]. To perform 

model updating and POA, a rigid base with pinned supports was applied to the four sides of 

the soil. However, to perform NTHA and MSA, free-field boundary elements were utilized on 

the four sides of the finite soil domain [119, 120]. The soil finite domain size was decreased 

because of the presence of far-field elements, which led to less computational effort than in the 

SSI model without free-field elements. The free-field motions around the soil were converted 

into boundary tractions that were applied to the finite soil part. Free-field elements have 

dashpots to absorb the outgoing waves, which cause unrealistic effects on the main model using 
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rigid boundary conditions [110, 119]. Figure 14 shows a schematic of a free-field boundary 

element. 

 

Figure 14: Schematic representation of the free-field elements (obtained from Paper X). 

After the seismic damage assessment, the most susceptible parts of the bridge were defined, 

and three strategies were proposed in Paper X. In all strategies, the material properties of the 

arches were improved using improved stone masonry with the same stone but a firmer lime 

mortar. Around the central pier, a depth of 50 cm was replaced with enhanced masonry in the 

newmat model [114]. Two other strengthening strategies covered the central pier with 

polyparaphenylene benzobisoxazole (PBO) and carbon FRCM systems [121]. Three FE 

models were developed based on the three strengthening strategies, and NTHAs were used for 

comparing the structural demands. 
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4 Discussion and conclusion 

The importance of the seismic vulnerability assessment of URM buildings at different scales 

and understanding of different damage limit states proposed for URM buildings is highlighted 

in Paper I. Furthermore, the applications of each SAM are discussed. 

The results of the comparative studies in Paper II, for investigating the efficiency of the SAM 

for deriving the IIPS of perforated masonry walls, indicated the efficiency of the EHM with R2 

of 97.16 %. Furthermore, conclusively, the MBCSM is not as accurate as the EHM, and two 

modifications have been proposed for improving the accuracy of this method. Initially, the 

stiffness of spandrels was incorporated into the formulations, which resulted in a significant 

improvement in the accuracy of the method, with the R2 value increasing from 76.59% to 

94.74%. Subsequently, the effect of the bending stiffness of the entire wall was considered, 

which further improved the R2 value of 96.58%. Owing to these enhancements, this approach 

is the most accurate. 

Therefore, the EHM was utilized in Paper III for calculating the IIPS of the perforated wall, 

modeled based on UM, which cannot predict the possible failure modes of the piers and 

spandrels. The cantilever idealization assumption and the use of an equation for all failure 

modes of masonry walls are two other weaknesses of the UM. CSM compensates for some of 

the weak points of UM. A comparison of the experimental test results and numerical modeling, 

based on the CSM, showed the accuracy of the method in predicting the structural response of 

the selectively tested two-story wall, called the Pavia door wall, subjected to quasi-static cyclic 

loadings. Although the failure modes of piers can be predicted, this method cannot predict 

combined shear-flexural failure modes. Furthermore, the analysis did not consider both– N-M 

and N-V interactions. To address the limitations of the UM and CSM and maintain simplicity 

in modeling, efficiency in computational efforts, and stability during nonlinear analyses, the 

DM-MVLEM was developed using the MVLEM element available in the OpenSees 

framework in Paper III. The DM-MVLEM was validated against experimental test results on 

two piers with different heights and failure modes: a spandrel and Pavia door wall. In Paper 

III, the validation of the model was not restricted solely to load-bearing behavior, but also 

included a comparison of the failure modes observed in the piers and spandrels between the 

model and test, thus demonstrating its efficacy. 
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The results of Paper IV show that, although the pushover and fragility curves of the Pavia door 

wall modeled based on the CSM and DM-MVLEM methods approximated each other, the 

differences were high for the model with weak spandrels. These differences were due to the 

assumption of linear behavior for the spandrel elements. The UM is considered to be the most 

conservative modeling strategy because of the null shear strength assumption of spandrels. 

However, the capacity curves of the UM and DM-MVLEM models of the wall with a weak 

spandrel were close to each other. The fragility curves derived from the UM and CSM were 

flatter than those derived from the DM-MVLEM because of the higher level of uncertainty. 

The DM-MVLEM is more accurate than the CSM in highlighting the combined flexural-shear 

failure modes and predicting the failure of spandrels. However, the shear failure modes can be 

predicted based on the CSM. Unlike the DM-MVLEM method, the UM is considered as the 

fastest method for performing IDA, with the highest level of uncertainty among the three 

modeling approaches.  

The Hyperomet GUI accelerates the nonlinear modeling procedure of URM buildings based 

on the DM-MVLEM, as elaborated in Paper V. The GUI overcomes the limitations of DM-

MVLEM modeling, including the positioning of MVLEM elements in the horizontal direction. 

Possible human errors were minimized by presenting calculators for deriving the IIPS based 

on the EHM and maximum lateral strength of the URM piers and spandrels. Furthermore, the 

computationally demanding IDA was automated using a hunt-and-fill algorithm, as discussed 

in Paper V. The functionalities of the Hyperomet are summarized in Figure 15. 

 

Figure 15: Functionalities of the Hyperomet GUI that are divided into three main sections: modeling, analysis, 

and the results (obtained from Paper V). 
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In Paper VI, a set of three equations is presented by performing a regression analysis on the 

results of the linear static analysis of nine walls. The accuracy of the proposed SAM was 

demonstrated by comparing the equality and linear fitted trend lines of the results of the 

maximum lateral strength values based on 𝛼0, obtained from the static analysis and proposed 

equations. Additionally, the findings indicate that applying the values suggested for piers with 

fixed-fixed or fixed-free boundary conditions is insufficiently precise for piers of a perforated 

wall with flexible boundary conditions owing to spandrels. It is worth mentioning that the 

proposed equations can only determine the 𝛼0 value of the piers in low-rise URM walls (up to 

two stories) with regular opening configurations. The calculated damage limit states show that 

using predefined fixed inter-story drift ratios for the limit states of URM walls is not 

sufficiently accurate because URM walls with different dominant failure modes have different 

displacement capacities. The fragility curves of the near-collapse and significant damage limit 

states are relatively close to each other, unlike the damage limitation limit state, which can be 

attributed to the brittleness of the URM material. The fragility curves illustrate the negligible 

difference in seismic demand between the FF and PL-NF ground motions for low-rise URM 

buildings, as highlighted in Paper VI. Therefore, as can be inferred, the seismic fragility 

analysis of low-rise URM buildings by applying the FF and ignoring the PL-NF ground 

motions is sufficiently accurate. However, for a more accurate approach, the inclusion of PL-

NF ground motions in the case of seismic fragility analysis of two-story buildings is 

recommended. 

The results of the model updating of the three FE models in Paper VII revealed that the FB 

model was paired with the test results for the first two modes. Considering the SSI effects in 

the SM model, the absolute differences in frequency values decreased, and the diagonal 

elements of MAC matrices increased for the higher modes; in the DM model, which is the most 

detailed model, the mentioned correlation between dynamic characteristics of the model and 

the real structure improved. The DM is considered the closest model to the real structure in 

terms of frequency values and mode shapes. Moreover, the updated elasticity and shear moduli 

of the FB model were lower and more conservative than those of the other two models. 

Negligible differences (less than 10%) can be detected between the maximum roof 

displacements. Although we attempted to calibrate the models based on the OMA results and 

the updated material properties of the FB model were conservative, larger values of maximum 

inter-story drift ratios were concluded from the linear time history analysis of the DM model. 

Furthermore, the inter-story drift of the SM was the lowest among the models. The SSI is 
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effective for modal properties, model updating results, and seismic demand of structures that 

should be considered for vulnerability assessment purposes.  

The results of the NLTHA of the Roman bridge in Paper VIII revealed that the structure was 

more susceptible to PL events than to NPL events. Furthermore, FF events were more 

destructive than NF events. The Arias intensity is the most accurate indicator of the 

characteristics of seismic records for predicting structural demands. Three performance levels 

were determined based on the pushover curve. The results of the NTHA indicated that the 

bridge passed the acceptability check of the life safety performance level and underwent 

extensive damage. Moreover, the arches were the most vulnerable structural components based 

on the crack patterns at the end of the NTHA of each record. This is consistent with the 

weakness of a real structure that can be visually inspected. 

Paper IX reports on an OSP study demonstrating the superiority of sensor elimination methods 

over sensor metric methods when using MAC as a criterion. Based on these results, specific 

locations for sensor placement were recommended, including the middle of the spandrel walls, 

on top of the arches, and between the top of the arches and the two sides of the Roman bridge. 

Unlike the first floor, the roof of the Slottsfjell Tower was the most important location for 

installing the sensors. Furthermore, the MAC matrices did not change significantly when the 

SSI effect was considered; however, the candidate sensor locations shifted from the third floor 

to the second floor of the Slottsfjell tower. Thus, the sensors should cover the roof and the 

second and third floors. Unlike the Slottsfjell Tower, recording the vertical (Z) direction of the 

Roman Bridge was crucial. Sensor elimination using MAC is considered to be the most 

efficient OSP method. 

In Paper X, a detailed model of the bridge considering SSI effects was developed and calibrated 

based on the OMA results. Calibration of the fixed-base and SSI models confirmed detection 

of the structural damage to the central pier and arches of the bridge based on visual inspection. 

The MSA of the SSI model with free-field boundary elements reveals the worsening of the 

damage to the susceptible parts by increasing seismic intensities. The seismic behavior of the 

SSI and fixed-base models in terms of displacement, crack pattern, and crack width indicate 

that neglecting the SSI effects underestimates the seismic behavior of masonry bridges in the 

transverse direction. A comparative study of the seismic response of the strengthened bridge 

models in Paper X revealed the newmat model to be the best strengthening strategy for 

improving the seismic behavior of the bridge and satisfying the criteria for the strengthening 
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of historic structures. The strengthening strategy with improved masonry material maintains 

harmony between the different parts of the bridge without significantly increasing the stiffness 

or respecting the originality of this cultural heritage asset. However, FRCM systems can be 

more cost-effective, durable, and resilient than improved masonry strategies when a structure 

is subjected to strong ground motions. The PBO-FRCM system is more effective than the 

carbon-FRCM. The maximum crack width of the PBO-FRCM model is less than the carbon-

FRCM model, the differences in terms of the maximum displacement responses of the crown 

node are negligible. 

4.1 Limitations and recommendations 

1. A SAM for calculating the IIPS of perforated URM walls was verified in Paper II and 

a SAM for calculating the maximum lateral strength of URM piers was presented in 

Paper VI. Therefore, after calculating the maximum lateral strength of a perforated wall, 

the capacity curve of a URM wall can be estimated based on the IIPS and maximum 

lateral strength of the wall without performing any numerical simulations. 

2. Paper I proposes several different SAMs for the seismic fragility analysis of URM 

buildings. However, an accurate and novel methodology utilizing the SPO2FRAG 

software [122] can be proposed. Although this software has been primarily used for 

estimating the fragility curves of RC structures, it could be adapted in future work for 

incorporating the nonlinear behaviors, including hysteresis behaviors, of URM 

buildings. To achieve this, capacity curves can be derived from previous proposals, and 

the software can be modified for estimating the fragility curves of URM structures. 

3. The novel macroelement proposed in Paper III does not consider the N-V interaction 

through an analysis. Therefore, the macroelements should be improved for considering 

this feature. Furthermore, the macroelement can be modified and validated against the 

test results of reinforced masonry walls and can be utilized for the seismic analysis of 

this structural system.  

4. It is beneficial to discuss the sensitivity of the capacity and fragility curves to the 

spandrel width. A sensitivity analysis should be performed on multiple case studies that 

vary in the number of stories and opening configurations. Additionally, the impact of 

SSI on the seismic behavior of URM buildings can be investigated by using the DM-
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MVLEM macroelement in the versatile OpenSees framework for modeling various 

case studies with different soil conditions. 

5. The numerical modeling of URM buildings in Hyperomet, which is presented in Paper 

V, is limited to a two-dimensional (2D) environment. However, this software should be 

improved by facilitating the 3D numerical modeling of URM buildings using DM-

MVLEM. 

6. The study of the effects of FF and NF on the seismic fragility analysis of URM buildings 

in Paper VI was limited to low-rise buildings. This study can be performed by applying 

FF and NF ground motions to four to seven stories high-rise URM buildings, and the 

effects of the ground motion types can be discovered. Another topic is the effect of 

vertical ground motions on the seismic behavior of URM buildings, which is effective 

when NF ground motions are applied to buildings [123]. 

7. In Papers VII and X, the soil properties were assumed based on visual inspections of 

the site and reports from the soil type of the nearest location. Although the soil 

properties were calibrated based on the OMA results, a geotechnical test was required 

for deriving the elastic mechanical properties of the soil at the sites of the case studies. 

Furthermore, a linear time history analysis was performed in Paper VII, which should 

be performed considering the nonlinearity in masonry and soil material. 

8. In Paper VIII, the considered limit states for a masonry bridge were derived based on 

the capacity curve of the bridge because of the absence of predefined fixed limit states. 

Therefore, the methodology for deriving the limit states of the masonry bridges 

described in Paper VIII should be applied to several masonry bridges with different 

geometries and material properties. Subsequently, a set of criteria to obtain the limit 

states applicable to all masonry bridges without performing a POA should be proposed. 

9. In Paper IX, the application of OSP techniques to a two-span masonry bridge was 

studied. However, to establish general criteria for deriving optimum sensor locations, 

OSP methods should be applied to a broader range of masonry bridges with varying 

geometries and material properties. The findings of these studies can be useful for 

future OMA applications in masonry structures. 
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10. Although the limitation of considering the linear material properties in Paper VII was 

modified in Paper X, the soil was modeled using an elastic material model with a 

nonlinear shear stress-strain relationship. Furthermore, the effects of soil properties on 

the seismic behavior of masonry bridges should be investigated via sensitivity analysis. 
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A B S T R A C T   

Cities in the developing world are facing outstanding economic and human losses caused by natural hazards such 
as earthquakes, and the amount of losses is affected by the quality of preventive measures and emergency 
management. For this reason, seismic vulnerability assessment is considered a crucial part of a strategy for 
seismic risk mitigation and for improving the resiliency of cities. Due to the high number of building archetypes 
for the seismic vulnerability assessment at a large scale, fast, simplified methods have been proposed that can 
facilitate the assessment procedure with low computational effort. Simplified methods can be categorized into 
three groups: analytical, empirical, and hybrid methods. In this study, simplified analytical methods for the 
seismic vulnerability assessment of unreinforced masonry (URM) buildings were reviewed, starting with their 
classification into three main groups: collapse mechanism-based, capacity spectrum-based, and fully 
displacement-based methods. Finally, attention was given to the corresponding software packages that were 
developed to facilitate the assessment procedure.   

1. Introduction 

In the past few decades, natural catastrophes, including earthquakes, 
have led to a dramatic increase in human and economic losses. A loss 
model for earthquake risk is required to predict the economic impact of 
future risks as well as to define risk mitigation plans by national au
thorities [1,2]. Seismic vulnerability assessment, which describes the 
susceptibility of a structure to damage due to ground shaking, is a 
pivotal part of a loss model [3,4]. Masonry buildings can be considered 
as the oldest construction type and represent a large part of the building 
portfolio in high seismicity zones. Fig. 1 presents a hazard map of the 
high seismicity zones in Europe and the Middle East based on the peak 
ground acceleration (PGA) of the area. Fig. 2 illustrates the ratio of the 
number of unreinforced masonry (URM) buildings compared to other 
types of structural systems in European countries, as well as the number 
of all buildings in each country [5]. URM is considered as a prevalent 
structural system in high seismicity zones, i.e., Italy, Greece, Bulgaria, 
Turkey, as depicted in Fig. 2, and Iran based on [6]. 

Fig. 3 (a) shows a hazard map of South America, and as illustrated in 
Fig. 3 (b), the prevalent construction type is URM. Fig. 3 (b) also shows 
the distribution of URM buildings, the number of all buildings (in 

millions), and the replacement cost for each country. The replacement 
cost is the value of replacing a constructed building based on the latest 
seismic code in a country [8]. 

URM buildings are characterized by a high seismic vulnerability; in 
fact, both the mortar and the masonry unit are known to be “quasi-brittle 
materials” whose mechanical performance could be deteriorated under 
seismic loadings. Due to the absence of a robust connection between 
structural components and insufficient stiffness of horizontal floors, 
URM buildings are highly susceptible to lateral cyclic loads that involve 
the out-of-plane bending behavior of walls and combined in-plane and 
out-of-plane collapse mechanisms [10–12]. 

Fig. 4 shows a seismic risk map of two susceptible zones where URMs 
are prevalent construction buildings. The reported average annual loss 
(AAL) in some parts of the high seismicity zones with high PGA is more 
than 5,000 USD per m2, representing a severe economic loss for gov
ernments [13]. 

Based on the statistics from several earthquakes (1886–2003) in the 
United States, 20% of 4,457 URM buildings were either partially 
damaged or completely collapsed, and the reason for collapse for 83% of 
the damaged buildings was the brickwork fell [15]. As shown in Fig. 5, 
due to the vulnerability of this structural system, the construction of the 
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new buildings made of URM is not permitted in some states of the United 
States [15]. 

In order to decrease human and economic losses, seismic vulnera
bility assessment of URM buildings is needed by national authorities at 
different scales. Different historical URM structures with complex ar
chitecture need to be preserved, as do existing vernacular URM build
ings. In recent decades the resiliency of structures and infrastructures 
has attracted wide attention, and in order to facilitate a resiliency 
framework, a robust vulnerability assessment methodology is required 
to be applied at a large scale [16]. The methods should be user-friendly 
due to the high number of archetypes as well as be fast in computation 
[16,17]. Therefore, as illustrated in Fig. 6, the scale of vulnerability 
assessment procedures can be classified into three groups ranging from 
building scale to large scale [18]. 

Different seismic vulnerability assessment methods have been pro
posed in the literature and can be divided into three main groups: (1) 
empirical methods (EM), (2) analytical methods, and (3) hybrid 
methods (HM) (see Fig. 7). The most common methods for the seismic 
vulnerability assessment of building typologies at different scales aim to 
define a damage probability matrix [19] or fragility curves [20]. 

EMs are based on visual inspection of buildings in the post- 
emergency phase and damage data obtained from observed past earth
quakes [21–25]. They refer to typological building classes or vulnera
bility indexes and can be correlated with construction techniques, types 
of materials, and different building features [26–31]. A limitation of 
these methods is their validity that can be limited to specific 
geographical and seismic regions [32]. 

Analytical methods require detailed vulnerability assessment algo
rithms to consider the physical and mechanical properties of buildings 
that can be calibrated to various characteristics of building stocks and 
hazards [33]. However, deriving analytical vulnerability curves is time- 
consuming and needs high computational effort. Consequently, basic 
users cannot easily develop curves for different areas or countries with 
diverse construction characteristics [3]. 

HMs are a combination of EMs and analytical methods whereby post- 
earthquake loss data is combined with results from analytical methods 
of a building typology [34,35]. Visual inspection data reduces 

computational efforts of analytical methods. Furthermore, HMs and EMs 
are utilized for calibrating the analytical methods [3]. 

Analytical methods can be divided into two sub-groups: detailed 
analytical methods (DAMs) and simplified analytical methods (SAMs). 
DAMs for the seismic vulnerability assessment of URM buildings 
comprise a sophisticated, detailed numerical simulation by conducting 
nonlinear analyses [36]. Different methods have been presented for 
nonlinear analysis of URM buildings in order to show their actual 
behavior when subjected to seismic loads. Nonlinear static (pushover) 
analysis (NSA) is the most popular method, where the lateral static load 
is applied to the model and is increased until a displacement target is 
reached [37]. Incremental dynamic analysis (IDA) is the most advanced 
type of detailed analysis, in which accelerograms are applied to the 
building model, and their intensity increased until the collapse occurs 
[10,38]. 

In order to reduce time consumption and computational effort, 
different simplified analytical methods (SAMs) for the seismic vulnera
bility assessment of URM buildings have been developed. Collapse 
mechanism-based (CMB) methods are based on the kinematic chain in 
order to derive the collapse multipliers for different probable collapse 
mechanisms of URM buildings subjected to a given intensity of a seismic 
record. Capacity curves are the result of the NSA. In capacity spectrum- 
based (CSB) methods, a predetermined capacity curve is computed for 
each building typology. The capacity curve is then intersected with the 
seismic demand to derive the performance points in different damage 
thresholds. In fully displacement-based (FDB) methods, an equivalent 
single-degree-of-freedom (ESDOF) model of a building is derived, and 
the displacement capacity for each damage threshold is compared to the 
displacement demand in each corresponding period of vibration in order 
to derive the possibility of crossing the damage thresholds [3,17,32]. 

When dealing with a single-building assessment, uncertainties are 
mainly due to the lack of expert knowledge of the structural features, 
which can be reduced by an on-site survey [39]. However, when dealing 
with vulnerability assessment at a large scale using the SAMs, a broad 
range of variables and a great deal of uncertainty are involved in both 
the modeling process and parameters [40,41]. Generally, uncertainty on 
capacity, demand, and damage thresholds are the sources that are 

Fig. 1. Hazard map of the European and Middle-Eastern countries, based on PGA [7].  
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identified by most of the available seismic vulnerability assessment 
methods [42]. 

Fig. 8 presents a schematic overview of the scale of assessment and 
the complexity level of the analysis methodologies. As shown, the 
complexity and time consumption level increase from the green area to 
the red area, where the highest level is related to the IDA of detailed 
nonlinear models of all the buildings at a large scale, which is uncom
mon nowadays. Moreover, EMs requiring the lowest computational 
effort are not suitable for the seismic vulnerability assessment of single- 
building but only for the building stock scale and large scale. The yellow 
area shows the methods that nowadays are most commonly applied to a 
specific case study scale. 

The aim of this paper is to provide a state-of-the-art review of the 
developments of the SAMs, which are categorized and illustrated in a 
black box in Fig. 8. The complexity and corresponding computational 
efforts of each method are investigated by emphasizing their mechanics 
basis, drawbacks, and advantages. Note that the main focus of this paper 
is on unreinforced brick masonry buildings; however, case studies about 
stone and adobe masonry have been addressed to present the opera
tional scope of each method. Moreover, particular attention is given to 
different software packages that were developed to facilitate the appli
cation of the SAMs for the seismic vulnerability assessment of URM 
buildings by investigating their strengths and weaknesses. 

2. Collapse mechanism-based methods 

The main concept of CMB methods is to assess the vulnerability of 
URM buildings by defining predefined collapse mechanisms or decom
posing them into rigid macroblocks. In CMB methods, first, collapse 
multipliers are computed, and the minimum value is defined. Then, the 
corresponding collapse mechanism is considered as the most critical 
mechanism. 

VULNUS is one of the CMB methods proposed by Bernardini et al. 

[43] based on in-plane and out-of-plane collapse mechanisms of URM 
buildings. In this method, the collapse multipliers are derived from the 
ratio of shear strength and flexural of walls for in-plane and out-of-plane 
collapse mechanisms of URM walls by applying the virtual work prin
ciple according to the static theorem of limit analysis [44]. A compar
ative seismic assessment has been done for URM building aggregates 
within the historical center of Arsita damaged by the L’Aquila earth
quake (2009, April 6th) in Italy [45]. A macroseismic EM was utilized to 
derive the vulnerability indexes and the corresponding fragility curves. 
Furthermore, the VULNUS method was used to derive the fragility 
curves. Within the VULNUS method, the terms I1 and I2 take into ac
count the probable in-plane and out-of-plane mechanisms. Moreover, 
DAM was done by means of an equivalent frame method embedded in 
3Muri software [46]. Detailed three-dimensional (3D) models were 
provided, NSA was done, which is described in detail in [47], and by 
means of the CSB method, the corresponding fragility curves have been 
derived. This study shows that the fragility curves derived from the 
VULNUS method are placed in the middle range between the upper limit 
(conservative) DAM and the lower limit ones derived from the EM of the 
fragility domain [45]. 

Performance-based assessment and the seismic risk mitigation of 
cultural heritage assets were incorporated into the Italian guidelines 
(PCM) [48] outlined by the Italian building code [49]. For this purpose, 
a CMB method was added to and recommended by the Italian guidelines 
[36]. Some of the predefined collapse mechanisms in the PCM are 
illustrated in Fig. 9 [50,51]. 

Using SAMs associated with an ESDOF modeling of buildings is not 
reliable enough for global evaluation of URM cultural heritage sites with 
complex architecture. Therefore, investigating the local mechanisms 
using the CMB methods is needed to be done. Not only the predefined 
collapse mechanisms but also the lack of connections with the orthog
onal walls, infinite compression resistance (rigid blocks), and zero ten
sile resistance strength are the simplified hypotheses considered in this 

Fig. 2. Exposure of the distribution of URM buildings and the number of all buildings (in millions) in European countries, adapted from [5].  
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type of analysis [52]. 
A damage assessment was done for the churches after the L’Aquila 

earthquake (2009) using the PCM method, see [53]. Totally 28 pre
defined collapse mechanisms were considered to cover all the collapses 
that may occur for the macroelements of the churches such as façade, 
nave, transept, triumphal arch, dome, apse, roof covering, chapel, and 
bell tower. According to this study, seismic behavior evaluation of the 
URM churches using the PCM method has been proven as a rapid and 
reliable method. Moreover, it was concluded that the substitution of 
timber roofs with reinforced concrete (RC) slabs cause an increase in 
mass and stiffness, which produced negative effects on the behavior of 
the churches that should be avoided as a restoration method in the 
future [53]. 

The mentioned CMB methods were then developed by importing the 
actual 3D geometry by considering the irregularities of the masonry 
towers to assess the susceptibility of them subjected to different distri
butions of horizontal loads [54]. Five predefined collapse mechanisms, 
including rocking, Heyman’s diagonal cracking, and base shear sliding, 
were hypothesized for the kinematic limit analysis (KLA) of the towers 
in [55], and an optimization algorithm was embedded to minimize the 
failure multiplier of each mechanism. 

The 3D KLA-based method was applied to two URM towers, and the 
results were compared with the results of nonlinear static and dynamic 
analyses of the detailed finite element models (FEMs). The method is 
believed to be considered a reliable tool for most cases; however, 
increasing the number of failure mechanisms such as rocking on the 
upper corners or the collapse of the belfry can increase the method’s 
accuracy [54]. 

The possibility of importing the actual 3D geometry of the case study 
and applying different distributions of horizontal loads are considered as 
the two main advantages of the 3D KLA-based method for the URM 
towers that can be expanded to be used for the assessment of URM 
building aggregates. Nevertheless, computing the collapse multipliers 

for the predefined collapse mechanisms is a limitation in the proposed 
KLA methods. To address this limitation and decrease the level of un
certainties related to modeling and capacity, mentioned CMB methods 
were developed by modeling the structures with rigid macroblocks 
considering indefinite collapse mechanisms [36]. 

The application of the CMB method for predicting the masonry 
domes’ failure behavior subjected to static horizontal loads has been 
investigated in [56]. The dome was modeled by means of a few rigid 
non-uniform rational basis spline (NURBS) elements, with the hinges at 
the element edges forming the failure mechanism. KLA was performed 
on a NURBS model and compared with the results of the NSA of a 
detailed FEM, and the ultimate load factors were the same, which shows 
the reliability of this method [56]. 

The NURBS-based KLA method was then developed [57] to find the 
minimum collapse multiplier of historical URM building aggregates. In 
order to estimate the minimum collapse multiplier and investigate the 
exact position of the fracture lines, a genetic algorithm-based mesh 
adaptation was applied to a 3D model of the whole aggregate, modeled 
with NURBS surfaces. 

Seismic vulnerability of one of the URM aggregates, named I1 Tor
rione in Arista, Italy, was assessed using different types of modeling 
approaches [58]. Four different structural units were chosen from the 
whole building and modeled using the NURBS-based KLA method to 
identify the local failure mechanism multipliers. Moreover, both local 
and global mechanisms were evaluated by performing the NSA on an 
equivalent frame model of the building in the 3Muri software package 
[46,59]. Furthermore, the FEM of the aggregate has been provided, and 
the results from the NSA were compared to other methods’ results. 

The evaluation of a safety factor, which is the ratio between the 
spectral acceleration and the maximum acceptable value has been per
formed for all the methods. Comparing the safety factors obtained from 
the analyses results of the four mentioned methods illustrates that the 
analyses using the equivalent frame method in 3Muri software have the 

Fig. 3. Hazard map of South America based on PGA [7] (a), and distribution of structural systems, number of all buildings (in millions), and replacement costs (in 
billion USD), adapted from [9] (b). 
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largest safety factor value for the building since out-of-plane failure 
modes have been neglected. NSA was done on the FEM of the building 
with more computational effort compared to the analysis in the 3Muri 
software package. However, the safety factor derived from the finite 
element analysis is lower than the result from 3Muri since the out-of- 
plane collapse mechanism has been considered. Local mechanism 
analysis using the 3Muri software package is in the third rank with a fast 
and enough accurate methodology. Nevertheless, predefined collapse 
mechanisms have been considered. Finally, the lowest safety factor re
fers to the local analyses using the NURBS-based KLA method with low 
computational efforts and automatic mesh adaptation [58]. 

For the seismic vulnerability assessment of heritage URM buildings 
with complex architecture, that the global behavior of the structure is 
not guaranteed, CMB methods are recommended as a very fast and ac
curate enough method. Since in-situ destructive tests are rarely allowed 
for the heritage buildings and corresponding high level of uncertainties 
about structural details, several models need to be analyzed. Therefore, 
the FEM approach with high computational effort is not recommended. 

Detail about each reviewed CMB method is summarized in Table 1, 
which can facilitate comparing the methods. Moreover, relevant refer
ences for some applications have been provided. Although it can be seen 
that for some of CMB methods (i.e., VULNUS, PCM) the in-plane collapse 
mechanisms have also been evaluated, the main focus of the CMB 
methods is to evaluate the local mechanisms occurring due to the 
presence of flexible diaphragms with a poor connection to the URM 
walls which can be observed in old buildings. 

2.1. Software packages 

c-Sisma is a KLA-based software designed to investigate the pre
determined collapse mechanism multipliers in which the material 
properties, wall geometry, and seismic loads are considered as inputs for 
the software; where the multipliers for each collapse are the outputs 
[67]. c-Sisma is based on predetermined collapse mechanisms specially 
designed for typical residential URM buildings, but some software 
packages were developed to investigate all collapse mechanisms and 
different types of structures, including arches, domes, and vaults. 
Brickwork is one of the CMB method software packages that includes 

these developments in two-dimensional (2D) environments [68] to be 
developed and verified by comparing to finite element analysis results 
[69]. 

A macro-block software [70] was developed for the assessment of 
out-of-plane behavior of URM walls based on the details elaborated by 
Lagomarsino [71] in the context of the PERPETUATE project [72] aimed 
for the performance-based assessment of cultural heritage assets. The 
interface software is developed and added to the 3Muri software as a 
module for local collapse mechanism assessment of URM walls based on 
the predefined collapse mechanisms that are prescribed by the user. A 
3D model of a building can be defined, and the collapse mechanisms and 
the constraints for each component should be specified, and the corre
sponding collapse multipliers will be calculated based on the kinematic 
analysis rules [59]. 

UB-ALMANAC uses an adaptive NURBS-based KLA approach, which 
is another fast and user-friendly software for upper-bound limit analysis 
of URM buildings [56,73]. The UB-ALMANAC is used for the seismic 
vulnerability assessment of churches by 3D modeling of the structure 
with rigid macro blocks joined by elastoplastic interfaces to derive the 
collapse multiplier and the most probable collapse mechanism. It can 
consider the directions of seismic loads, different mesh sizes and types, 

Fig. 4. Seismic risk map including exposure of AAL in South America (a), and European countries and Middle Eastern seismic susceptible zones (b) based on PGA as 
shown in Figs. 1 and 3(a) [14]. 

Fig. 5. Approximate mapping of the zones in which current seismic codes do 
not allow the construction of URM buildings in the United States [15]. 
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and interconnection of the walls [74]. LiABlock_3D is a MATLAB-based 
tool with a graphical user interface into which computer aided design 
(CAD) files can be easily imported, allowing high flexibility in structural 
configuration [75]. 

3. Capacity spectrum-based methods 

The Capacity Spectrum-Based (CSB) Method has spread considerably 

in the last three decades because it can be considered a valid alternative 
to nonlinear time-history analysis. It was introduced in ATC-40 [76] and 
implemented in HAZUS methodology for earthquake loss estimation 
[77]. Other alternative versions of CSB methods are available in FEMA 
273 [78] and the N2 method [79,80] that is introduced nowadays in 
Eurocode 8-part 3 [81]. The N2 method was formulated in the accel
eration – displacement format by Fajfar [80], although the original idea 
of this method dates back to the mid-1980s [82]. 

The general procedure of the CSB methods is synthesized in Fig. 10. 
The capacity curve of a building is derived from NSA, and then it is 
transformed from a multi-degree-of-freedom (MDOF) system into an 
ESDOF system, as shown in Fig. 10 step 1. It is recommended that ca
pacity curves for URM buildings be fitted via a bilinear elastoplastic 
capacity curve as illustrated in step 2 [38]. The idealized capacity curve 
will be intersected with seismic demand in order to compute the per
formance point of the structure. The seismic demand can be evaluated 
by selecting the ground motion record and deriving the inelastic 
response spectrum that allows identifying the performance point that 
defines the inelastic displacement demand for a specific ground motion, 
as shown in Fig. 10 step 3. A set of ground motion records can be 
selected, and the procedure above described can be repeated for 
increasing ground motion intensities (e.g., Fig. 10 step 3a) up to all limit 
states are reached so that the earthquake demand parameters can be 
evaluated for each damage state and the fragility curves that represent 
the probability of occurrence of a specific damage state for a given 
seismic demand can be derived [38,72,80]. Alternatively, the smoothed 
elastic code-based spectrum can be used as shown in Fig. 10 step 3-b. 
However, the last alternative cannot reflect record-to-record vari
ability; consequently, it is not recommended to develop fragility curves 
because it does not account for uncertainties due to ground motions. 

Different simplified CSB methods have been proposed in literature in 
a way that the pushover curves are derived for a simplified model [83]. 
Among them, the failure mechanism identification and vulnerability 
evaluation (FaMIVE) method is one of the most noteworthy. It was first 
introduced as a CMB method by D’Ayala [84] to assess the vulnerability 
of historic URM buildings in town centers. 

The collapse multipliers were calculated for probable collapse 
mechanisms by considering both in-plane and out-of-plane failures 
through an equivalent static procedure. Twelve probable mechanisms 
are identified, as shown in Fig. 11, and the most probable mechanism is 
associated with the lowest base shear capacity [84]. 

The specific feature of FaMIVE is strictly related to how the data 
collection is organized by on-site inspection, concentrating on those 
parameters that can directly qualify the seismic performance of URM 
buildings and can mostly be surveyed from a rapid visual screening. 

The buildings are classified with approximately the same typological 
layouts, masonry fabrics, and quality of materials. Data collection by 
performing the on-site inspection is the preliminary step of the FaMIVE 
method to collect specific information for each building, such as height, 
length, the thickness of each accessible façade, number of stories, 

Fig. 6. Different scales of the seismic vulnerability assessment procedures.  

Fig. 7. Seismic vulnerability assessment methods classification. The methods in 
the blue boxes have been elaborated in this study. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 8. Schematic overview of different methods as a function of the scales of 
assessment and corresponding computational efforts. 
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strengthening devices, etc. It is possible to input on-site survey data 
electronically, which is automatically stored in the database sheet to 
calculate the failure load factors. 

Based on the information collected, the ultimate load factor of each 
external wall for each collapse mechanism is calculated. The collapse 
mechanism for a given façade depends on the type of connections to the 
rest of the structure, mainly due to the type of horizontal structures, 
because if the floor is not rigid in its plane, like vaults or wood floors, it 
affects the redistribution due to a seismic action that depends from the 
connections with internal walls and position of the timber beams or 
vaults. The lower mechanism in terms of collapse acceleration is the 
most probable one, selected to calculate the fragility curves [85] that 

can directly be obtained from the collapse accelerations, as illustrated in 
Fig. 12 with the first alternative. 

Then this method was extended from a purely CMB method into a 
CSB method [32,86]. For each failure mechanism, a specific capacity 
curve is defined with the aim to define fragility curves. The reliability of 
the procedure is strictly connected to the idealized capacity curves of the 
ESDOF model and to the selected limit states. In particular, the authors 
use the NSA by means of the N2 method, as proposed in Eurocode part 3 
[81], where the performance point is evaluated using a degrading 
pushover curve. This procedure is illustrated in a simplified way in 
Fig. 12, alternative 2. The capacity curve can be computed and inter
sected to the acceleration-displacement seismic demand spectra to 

Fig. 9. Different predefined collapse mechanisms in PCM [48].  

Table 1 
Details about each CMB method and the relevant references for the applications.  

Method Collapse mechanism Data collection Output Brief description References 

VULNUS 1 predefined in-plane and 1 
predefined out-of-plane 
collapse mechanisms 

On-site survey Collapse mechanisms’ 
acceleration and the most 
probable collapse mechanisms 

Computation of collapse multipliers applicable for 
URM small building stocks. 

[44,45,60–63] 

PCM 28 predefined in-plane and 
out-of-plane collapse 
mechanisms 

On-site survey Collapse mechanisms’ 
acceleration and the most 
probable collapse mechanisms 

Computation of collapse multipliers applicable for 
URM churches or towers (at building scale). 

[51–53,64–66] 

3D KLA- 
based 
(Towers) 

5 predefined collapse 
mechanisms 

On-site and 3D 
geometrical 
survey 

Collapse mechanisms’ 
acceleration and the most 
probable collapse mechanisms 

Deriving the most probable collapse mechanism of a 
3D model applicable for URM towers (at building 
scale) using optimization algorithms. 

[54] 

NURBS- 
based KLA 

Indefinite local mechanisms On-site and 3D 
geometrical 
survey 

Collapse acceleration and 
possible fracture lines 

Deriving the most probable collapse mechanism of 
URM buildings’ structural components modeled 
with rigid NURBS elements (at building scale). 

[56–58]  

Fig. 10. General procedure of CSB methods, after [38].  
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define performance points. Fragility curves are then developed from 
performance points for each building typology [87–89]. 

Four limit states have been considered for the FaMIVE method based 
on the pushover curve. Damage limitation (DL) corresponds to the ul
timate elastic capacity, significant damage (SD) corresponds to the first 
peak capacity point, near collapse (NC) limit state corresponds to the 
maximum displacement without shear resistance degradation, and the 
collapse (C) limit state corresponds to the ultimate capacity point. The 
corresponding computed inter-story drifts ratio (IDR) of the mentioned 
limit states have been summarized in Table 2. 

The FaMIVE procedure allows the retention of a high level of detail of 
the geometry and kinematics of the problem. Simultaneously, since it 
computes only the ultimate condition, it does not require the compu
tation or time demands of a typical NSA [38]. 

Uncertainties related to damage thresholds, capacity, and demand 
have been considered in the FaMIVE method, which are effective on 
fragility curves. Furthermore, epistemic uncertainties concerning the 
reliability of input data from the on-site survey form have been 
contemplated [32]. 

The FaMIVE method has been utilized for the seismic vulnerability 
assessment at a large scale for Casbah of Algiers in Algeria [90] in the 
context of Perpetuate project [72]. First of all, significant building ty
pologies have been identified evaluating the seismic performance of 
these selected buildings in terms of lateral capacity and collapse 
mechanisms. Different intervention recommendations were proposed to 
enhance the Algerian construction quality [90]. 

The European Commission launched the RISK-UE project [91] in 

Fig. 11. Collapse mechanisms in FaMIVE methodology [84].  

Fig. 12. Flowchart of FaMIVE methodology for deriving fragility curves [38].  
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seismic risk analysis, concentrating on the distinctive features of Euro
pean cities regarding modern and historical buildings [92]. For this 
purpose, Lagomarsino [93] presented a mechanical procedure for the 
seismic risk assessment of both URM and RC frames, which was pro
posed in the framework of the RISK-UE project. 

This method uses simplified bilinear capacity spectra, derived 
depending on the building typology’s geometrical and characteristics, 
including the number of floors, material properties, drift capacity, and 
timespan of construction. Moreover, for URM buildings designed 
without any seismic criteria, a prevailing collapse mode is defined based 
on the method presented in [94]. The uniform collapse mode or the soft- 
story collapse mode due to rocking or shear failures has been considered, 
while the out-of-plane mechanisms have been neglected. 

By assuming a bilinear representation, the capacity curve is identi
fied in terms of yield spectral displacement and acceleration (dy and ay 
respectively) and ultimate spectral displacement and acceleration (du 
and au, respectively) points. In the further hypothesis to neglect hard
ening behavior, capacity curves can be defined by three parameters: the 
yield acceleration ay, the fundamental period of the building T, and the 
structural ductility capacity μ. 

The authors proposed a set of European building typology classifi
cations for masonry and RC buildings. In particular, for URM buildings, 
they introduced six typologies for URM and one typology for reinforced 
masonry buildings. For each of them, different types of horizontal 
structures have been considered: wood slabs, masonry vaults, composite 
steel and masonry slabs, and reinforced concrete. Moreover, three 
possible intervals have been considered for the number of stories: low- 
rise with 1–2 stories, mid-rise with 3–5 stories, high- rise with more 
than six stories. For each building typology, the parameters that define 
the capacity curves are presented in a table, with the great advantage 
that the user can directly consider the capacity curve proposed by the 
authors, and it is not required to model the building. In this approach, 
once capacity spectra are derived for the building classes, the next step is 
to use the CSB method. The performance point of each building class is 
obtained by intersecting the capacity spectrum with the inelastic 
acceleration-displacement response spectrum, which is produced by 
using codified spectral shapes calibrated to the PGA obtained from the 
hazard analysis. Four damage states were considered in order to inves
tigate the level of damage, which can be derived from predefined 
equations based on the yielding dy and ultimate du displacements [93]. 

In the context of the RISK-UE project, the seismic risk evaluation of 
about 60,000 residential buildings in the city of Barcelona in Spain was 
done using the simplified mechanical method [93]. In particular, six- 
building classes were considered to develop two damage scenarios 
realized for deterministic and probabilistic seismic hazard. It was 
concluded that URM buildings show higher vulnerability compared to 
RC building typologies. Moreover, maximum damage values were ex
pected for high-rise URM buildings located on soft soils [95]. 

Pagnini et al.[96] proposed an analytical method to assess the 
vulnerability of masonry buildings based on a few mechanical and 
geometrical characteristics of the buildings that are used to derive the 
bilinear capacity spectrum of the ESDOF model [96,97]. The capacity 
spectrum method has been applied considering the formulation of the 
N2 procedure. This method focuses on the effects of the uncertainties 
related to the mechanical properties and limit states, showing the role of 
each uncertainty on the results. In order to derive the capacity curve, a 
URM building of height H is schematized with a stick model based on 
[98] where each floor is represented with a lamped mass. The capacity 
curves have been extracted considering the effects of uncertainties 
related to the specific weight of masonry, shear modulus, shear strength, 
resistant wall areas, floor loading, inter-story height, and the non- 
uniform response of the masonry panels [97]. In particular, the au
thors use Taylor’s series around the mean value to account for the un
certainties of the parameter. The propagation of uncertainties has been 
studied considering the influence of each parameter at a time on the 
capacity curve. The results show that the most relevant parameters are 

the resistant wall area in the considered direction and the shear strength. 
Four random limit states that lie on the mean point have been analyzed 
as a function of buildings parameters. Then, the fragility curves are 
derived, including all uncertainties’ effects. 

The damage thresholds’ types and the corresponding values for each 
presented CSB method have been shown in Table 2 and compared with 
the limit states proposed in HAZUS [99], Eurocode 8-part 3 [81], and 
FEMA 356 [100]. The damage thresholds can significantly influence the 
fragility curve shape, but the values proposed by various authors and 
codes can be very different, as shown in Table 2, where the damage 
thresholds are defined as a function of the inter-story drift ratio IDR, the 
roof displacement, and the spectral displacement. 

CSB methods cannot precisely reflect certain dynamic phenomena 
such as near-field velocity pulses that can considerably influence the 
structural responses [101]. Table 3 summarizes each aforementioned 
CSB methods’ main feature comparing the type of data collection 
required to define the input data, the collapse mechanisms considered in 
the methods, and the relevant references for some case studies. Note that 
the input demand data is considered nonlinear response spectra with 
different return periods. The data collection type can be done by per
forming on-site surveys to record the structural and geometrical detail of 
the building samples or exposure database provided by the authorities to 
define the general data about the building typologies at a large scale. All 
methods are proposed for URM buildings with different horizontal 
structures, including the flexible, the semi-rigid, and the rigid floor. 
Among the analyzed methods, only the FaMIVE procedure [32] con
siders the out-of-plane collapse mechanism and the collapse multipliers 
that can be evaluated from the structural analysis. The simplified me
chanical method (RISK-UE project) [93] considers only the global 
mechanism but propose a set of European typological masonry struc
tures and, for each of them, the authors evaluated the capacity curves 
parameters that are presented in a table so that the user doesn’t need to 
define a structural model for a large scale vulnerability assessment. The 
uncertainties have been considered both in FaMIVE and Pagini et al. 
[96] methods; in particular, the last method proposed a sensitivity 
analysis of the results as a function of each parameter. All the CSB 
methods are suitable to consider the record-to-record variability in 
terms of using seismic records as demands. 

3.1. Software packages 

The main concept of these methods is the intersection of the capacity 
curves and the seismic demands to derive the performance points in 
different damage thresholds [16,108]. Some software packages are 
related to a specific region, and the capacity curves are related to a 
typical structural system and configuration in that specific area. More
over, their exposure can be at urban or multi-level scale, meaning 
country scale. Geographical Information Systems (GISs) and remote 
sensing technologies have helped create comprehensive databases and 
systems for data exposure, analysis, and damage evaluation [109]. All 
the information about the CSB software packages can be found in 
Table 4, including relevant references for more information. 

A comprehensive study was carried out in a World Bank’s Disaster 
Risk Management Section report, evaluating software packages devel
oped for quantifying risk from natural hazards, including earthquakes 
[124]. Table 5 summarizes the advantages and disadvantages of some of 
the well-known CSB methods software packages. 

4. Fully displacement-based methods 

The main concept of the FDB methods is based on comparing 
displacement capacities of the ESDOF model of a URM building at 
different damage thresholds with seismic demands at the corresponding 
vibration period values of the model, which can be derived from secant 
stiffness of the capacity curve at each threshold. Although the FDB 
methods have some common aspects with the CSB methods, their 
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procedure appears to be quite different because the main aim of the CSB 
method is to evaluate the performance point of the structure from the 
intersection between the capacity curve of the structure and the demand 
response spectra. In contrast, in FDB methods for each building class, the 
displacement capacities are compared with the displacement demand 
considering the changing of the building stiffness, and the result is the 

probability of occurrence that specific limit state. 
The first developments of the FDB method for URM buildings can be 

found in Calvi study [125]. The method evaluates the seismic building 
response for each limit state by the displacement capacity and in
troduces a correction factor as a function of the dissipated energy. The 
elastic displacement response is then defined as demand, derived based 

Table 2 
Damage thresholds definition with corresponding values of the codes and the mentioned CSB methods.  

Method name Method 
type 

Damage threshold 
type 

Limit states and their values 

HAZUS (pre-code) Code IDR (%) Slight damage Moderate damage Extensive 
damage 

Complete 
damage 

0.2 0.5 1.2 2.8 
HAZUS (low-code) 0.3 0.6 1.5 3.5 
Eurocode 8-Part 3 Code Roof (top) 

displacement 
Limited damage Significant damage Near collapse 
Yielding point of the idealized 
bilinear capacity curve 

75% of the top displacement capacity 
corresponding the total base shear 

Corresponding displacement of 
80% of peak base shear 

FEMA 356 Code IDR (%) Immediate occupancy Life safety Collapse prevention 
0.3 0.6 1 

FaMIVE (in-plane) CSB IDR (%) Damage limitation Significant damage Near collapse collapse 
0.18–0.23 0.65–0.9 1.23–1.92 1–2.8 

FaMIVE (out-of-plane) 0.33 0.88 2.3 4.8 
Mechanical method 

(RISK-UE project) 
CSB Spectral top 

displacement 
Slight damage Moderate damage Extensive 

damage 
Complete 
damage 

0.7 dy dy dy + 0.25(du – 
dy) 

du 

Pagini et al. CSB Spectral top 
displacement 

0.7 dy 1.5 dy 0. 5 (du + dy) du  

Table 3 
Details about each CSB method and the relevant references for the applications.  

Method Data collection Collapse 
type 

Output Brief description References 

FaMIVE On-site survey In-plane and 
out-of-plane 

Collapse acceleration, the most 
probable collapse mechanism capacity 
curve, performance point, fragility 
curve 

Collapse multipliers have been calculated for nine 
predefined collapse mechanisms, and the most probable 
mechanism has been derived. Fragility curves can be 
derived directly from the collapse multipliers or using 
the CSB procedure. 

[32,90,102–104] 

Mechanical 
method (RISK- 
UE Project) 

Exposure 
Database and 
on-site survey 

In-plane Capacity curve, performance points, 
fragility curve 

Derivation of bilinear capacity curves for building 
typologies based on structural description and using CSB 
procedure to derive the performance points. 

[1,95,105,106] 

Pagini et al. Exposure 
Database and 
on-site survey 

In-plane Capacity curve, performance points, 
fragility curve 

Derivation of bilinear capacity curves considering 
uncertainty effects based on the structural description 
and using CSB procedure to derive the performance 
point. 

[96,107]  

Table 4 
CSB Loss estimation software packages.  

Name Modifiability1 GIS- 
based 

Region Exposure Owner Programming language References 

HAZUS-MH CS Yes North America Multi FEMA, NIBS/USGS VB6, C++, ArcGIS [110,111] 
CAPRA OS No Central 

America 
Multi EIRD/World Bank Visual Basic.NET [112] 

ELER OS No Europe Urban NERIES/JRA-3, NORSAR, Imperial Matlab [113] 
EQRM OS/CS No Australia Urban Geoscience Australia Matlab/Python [114] 
EQSIM CS No Europe Urban CEDIM/KIT C++, xmf [115] 
HAZ-Taiwan CS No Asia Multi National Science Council/NCREE Microsoft Visual C++ and 

MapInfo 
[116] 

LNECLOSS CS Yes Europe Urban LNEC, Consortium Fortran [117] 
Ergo (MAEviz/ 

mHARP) 
OS Yes World Urban University of Illinois at Urbana 

Champaign 
EclipseRichClient, Geotools [118] 

OpenQuake OS No World Multi GEM Python, Java [119] 
SAFER OS No World Urban 23 Worldwide Institutions/Multiple 

EU 
Matlab, C++ [120] 

SELENA OS Yes World Urban NORSAR Matlab, C++ [121] 
OOFIMS OS No World Multi SYNER-G EC FP7/Univ. of Rome 

‘Sapienza’ 
Matlab [122] 

HAZTURK CS Yes Turkey Urban Istanbul Technical University Java, GIS plug-in [123] 

1 CS: Closed Source, OS: Open Source. 
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on the return period, seismicity of the location, and local soil conditions. 
For each building class, two probabilistic limit values are evaluated for 
the period of vibration and the displacement capacity defining a series of 
rectangular in the displacement spectrum in which the probability 
density function is defined (see Fig. 13). Each rectangular can be 
intersected by the input motion defined by a spectral curve, so that the 
probability of occurrence of each limit state can be evaluated. This 
probability of occurrence indicates the percentage of buildings that 
reach a specific limit state. If the displacement response spectrum 
crosses the rectangular region, it is possible to evaluate whether the 
demand is greater or less than the capacity. Alternatively, this proba
bility can be interpreted as the percentage of buildings that attain that 
limit state. In particular, four limit states have been considered for 
structural damage; but the out-of-plane collapse mechanisms are not 
included.[126]. The results of the study show hard soil spectra produce 
more damage than soft soil spectra due to the shorter periods of vibra
tion [125]. 

MeBaSe (mechanical based procedure for the seismic risk estimation 
of unreinforced masonry buildings) was developed by Restrepo et al. 
[127] as one of the FDB methods presented for RC and masonry build
ings. As illustrated in Fig. 14, an ESDOF model of the building is 
computed with the equivalent mass (meff) and stiffness (Keff) based on 
the model proposed in [98]. Keff is calculated as the ratio of the yielding 
force of the system (Fy) and the effective displacement (Δeff) for a given 
displacement demand or limit state (ΔLS), and the simplified bilinear 
capacity curve will be computed as illustrated in Fig. 14. 

Four damage thresholds are considered in the MeBaSe, as illustrated 
in Fig. 15. No damage (limit state 1) or minor structural damage (limit 
state 2) corresponds to profile (a) in which the structural components 
have not reached the yield displacement Δy and the triangular shape is 
considered for low-rise URM buildings dominated by a shear failure 
mode. Profile (b) is the most probable damage failure for URM buildings. 
Profile (c) occurs at the top or intermediate stories, depending on the 
relative stiffness of the story. Profile (d) is related to the strength of 
substructures such as piers and spandrels. Three aforementioned profiles 
correspond to limit state 3, and collapse is defined as limit state 4. 

The maximum displacement for a given limit state (ΔLS) can be 
computed as the sum of the yield displacement (Δy) and the plastic 
displacement (Δp) [127,128]. ΔLS for each limit state is computed using 
equation (1). 

ΔLS = κ1hT δy + κ2(δLS − δy)hsp (1)  

where κ1and κ2 show the mass distribution in the height of the building 
that can be obtained from [127] based on the number of stories, δy and 
δLScorrespond to the yielding and the specific limit state drift, hT and 
hspcorrespond to the total height and effective height of the piers going 
to the inelastic range. Note that the values for the drift damage 
thresholds (δy,δLS) can be selected from the experimental test results. 

Table 5 
Advantages and disadvantages of software packages of CSB methods, adapted from [124].  

Name Advantages Disadvantages 

HAZUS-MH  ✓ A well-known software package with a detailed user and technical 
manual. 

✓ A full decision module with benefit-cost ratio calculators and miti
gation aspects.  

✓ Many US building typologies have been included in the software. 

× The software is only calibrated to be used for the United States building stocks. 
× The package cannot operate without (ArcGIS) software. 
× The software does not explicitly include uncertainty, and the variability of the 
results can be examined by performing sensitivity analyses. 
× Epistemic uncertainty is not considered. 

CAPRA  ✓ Hazard can be input from other programs as long as the file is in the 
right format (.ame, .txt, or .atn).  

✓ A very good rerun capability.  
✓ A user-friendly software and easy for basic users to understand the 

errors.  
✓ Well-handled uncertainty consideration.  
✓ Inbuilt extendable GIS useful for loss estimations. 

× The fatality and economic functions lack a lot of diversity. 
× The damage distribution is not calculated directly and only a mean damage ratio 
is available. 
× No formal manual is provided. 
× Mix of Spanish and English software language makes the entire interface quite 
challenging to maneuver. 

EQRM  ✓ The software offers a large number of exposure options for hazard and 
risk.  

✓ Event-based probabilistic seismic hazard risk assessment with this 
level of detail and analysis has been provided.  

✓ Easy level of modifiability for the MATLAB based type of the software. 

× The software is not integrated with GIS. 
× There is no graphical user interface. 

Ergo (MAEviz/ 
mHARP)  

✓ Completely open source with an inbuilt GIS platform.  
✓ Scenario risk assessment and decision support are provided.  
✓ User-friendly with a large array of infrastructure types for analysis. 

× Currently calibrated only for deterministic analysis. 

OpenQuake  ✓ A well-prepared user manual.  
✓ A wide range of hazard and risk analysis tools has been included.  
✓ It currently offers the most in-depth probabilistic analysis of any of the 

reviewed software packages for earthquakes.  
✓ Uncertainties related to the seismic hazard is considered. 

× Looks only at residential buildings. 
× No graphical user interface yet. 

SELENA  ✓ User-friendly with an easy-to-use graphical user interface.  
✓ All types of logic trees are allowed in order to consider the 

uncertainties and calculate the loss. 

× Outputs are quite difficult to manipulate compared to other packages. 
× The high number of input text files makes it complicated to run without errors.  

Fig. 13. Comparing displacement capacity rectangle and displacement 
spectrum-based on CALVI method, adapted from [125]. 
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The elastic displacement response spectrum, properly scaled for 
considering the effective damping of each damage threshold, will be 
considered as the seismic demand. The total probabilities of reaching or 
exceeding a damage threshold will be calculated for reporting the 
seismic vulnerability of the buildings. 

One-way and two-way bending out-of-plane mechanisms and 
different levels of uncertainties have been considered in MeBaSe while 
they were not included in Calvi’s method. Out-of-plane damage 
thresholds definitions of URM walls are based on [129], and one limit 
state has been considered for the out-of-plane collapse mechanism to 
define whether the structural component is collapsed or not. For this 
purpose, ultimate displacement considering the purely rocking behavior 
of the wall as a rigid body is defined and the collapse displacement is 
calculated as a fraction of the ultimate displacement based on the 
experimental tests’ results [129]. However, in terms of demand for out- 
of-plane failure mode, seismic spectral demand for non-structural ele
ments can be utilized. 

The MeBaSe method was then developed for seismic fragility 
assessment of low-rise stone URM buildings in the old historic center of 
Quebec City, Canada [130]. Four drift thresholds for in-plane failure 
mechanism are considered and material properties are obtained from 
experimental tests of stone masonry walls to reduce the uncertainty level 
of the results. Note that out-of-plane failure mode is neglected in the case 
study by assuming a sufficient connection between the walls and the 
roof system [130]. 

The displacement-based earthquake loss assessment (DBELA) 
method is an FDB method that was originally developed for RC struc
tures [131,132], but by considering the emerging concepts of 
performance-based engineering for URM buildings presented in [133], 
DBELA was then developed to be used for the assessment of URM 
buildings, as well [134]. 

The DBELA method [134] uses the basic concept of an ESDOF sub
stitute model based on [98], with a bilinear capacity curve considering 
post-yield degradation behavior. A building will be converted into an 
ESDOF model with an equivalent mass and height. Furthermore, the 
ESDOF system tends to represent the actual behavior of a building in 

terms of its equivalent displacement and actual energy dissipation. A 
random population is derived using Monte Carlo simulation, and the 
displacement capacity of each building is then estimated at different 
damage thresholds considered for the global performance level of the 
buildings based on Equation (1). The displacement capacities are 
derived based on the simple mechanics of material principle for different 
inelastic deformation profiles [134]. The computed displacement ca
pacity of the buildings will then be compared with the displacement 
demand of the expected ground motions on the site obtained in terms of 
5% damped displacement response spectra, using site-specific empirical 
ground-motion prediction equation (GMPE) equation based on [135] at 
the corresponding fundamental vibration periods of different limit 
states. 

The DBELA method was used to assess the seismic vulnerability of 
confined masonry buildings in Lima, Peru, as a reliable, fast, and 
computationally efficient FDB method [136]. Moreover, the DBELA 
method was used to derive the direct socio-economic losses of URM 
buildings in the city of Mansehra, Pakistan [134]. Three earthquake 
scenarios have been considered, and direct economic losses, homeless 
people in the city, and human injuries or death were estimated. These 
data can be very important for the government authorities to be aware of 
the expected seismic hazards to plan for the loss reduction. The 
formulation of DBELA is limited only to the URM building with rigid RC 
diaphragms that can be improved to consider other types of roof sys
tems, i.e., wooden floors. 

SP-BELA is another FDB method especially proposed for RC struc
tures and then developed for the seismic vulnerability assessment of 
URM buildings [137]. A pushover curve is defined in SP-BELA so that 
the vibration period and the collapse mechanism are not predefined and 
can be derived from the NSA. However, since the NSA of the building 
aggregates is time-consuming, collapse multipliers and collapse mech
anisms and the corresponding capacity curves can be computed based on 
simplified mechanical equations. 

The probabilistic framework of the first-order reliability method has 
been used in MeBaSe to calculate the variability in the capacity and the 
time-invariant reliability formula to define the probability of collapse. 

Fig. 14. Schematic view of the MDOF system versus ESDOF and the capacity curve.  

Fig. 15. Different damage thresholds based on the MeBaSe method [127].  
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Nevertheless, the probabilistic structure in SP-BELA and DBELA for 
convolving variability in the displacement capacity and demand to 
calculate the probability of exceedance of limit states is based on the 
definition of the capacity curve for each building generated in a random 
dataset through Monte Carlo simulation with less computational efforts 
compared to the MeBaSe method. Simplified bilinear pushover curves 
are derived for the buildings of a dataset based on the mechanical-based 
equations with a reasonable level of computational effort. 

The displacement demand is then calculated for each building and 
directly compared with the corresponding displacement capacity to 
determine whether a given limit state is exceeded or reached. The pro
cedure to calculate the probability of exceedance of each limit state 
condition is graphically illustrated in Fig. 16. For each building in a 
sample, the equivalent period of vibration (T), the displacement ca
pacity (Δcap), and the corresponding simplified capacity curve are 
computed. The demand in SP-BELA is modeled using spectral displace
ment ordinates (Sd). As shown in Fig. 16 (a), box 1, the displacement 
capacity of each limit state is converted into a spectral system and 
plotted for comparison with the spectral demand displacement. The 
dissipation of energy is taken into account through a coefficient η related 
to the damage and the ductility, based on [137]. The coefficient η, which 
is lower than 1, has been applied by multiplying the spectral demand 
ordinate or dividing the displacement capacity as illustrated in Fig. 16 
(a), box 2. 

As illustrated in Fig. 16 (a), if the point (spectral displacement ca
pacity) is above the spectral curve, the capacity (Δcap) is higher than the 
demand (Δdem), and the corresponding building passes the damage 
threshold. When the point is below the spectrum, demand is higher than 
capacity, and the building does not attain the corresponding damage 
threshold and thus belongs to the higher limit state condition. As shown 
in Fig. 16 (b), the exceedance probability of the building aggregates has 
been carried out by repeating the comparison procedure and dividing 
the number of points below the spectral curve by the total population. 
Note that updating the building sample size during the methodology 
procedure is an advantage of SP-BELA compared to other mentioned 
FDB methods that reduces the computational efforts. 

Capacity displacement damage thresholds are derived using Equa
tion (1) for the in-plane failure mode. Three different drift limits have 
been identified for brick masonry with a low percentage of voids (LPV), 

a high percentage of voids (HPV), and for natural stones that just 
correspond to the third limit state as presented in Table 6. The meth
odology utilized for deriving the unique out-of-plane damage threshold 
and the corresponding capacity curve, which was embedded in the 
MeBaSe method, has been used in the SP-BELA method. Uncertainties 
related to damage thresholds, capacity, and demand have been inspec
ted in SP-BELA by considering variability in drift limit states, buildings’ 
characteristics, and spectral displacement demand, respectively [137]. 

SP-BELA is then calibrated for the large-scale vulnerability assess
ment by comparison with the results from the damage probability 
matrices elaborated in [93] and then by comparison with real damage 
data in terms of a damage scenario [138]. 

Recently SP-BELA is used to derive the fragility functions for adobe 
masonry buildings in Peruvian Andes, Peru, where 67% of rural build
ings are adobe masonry. The simplified bilinear and trilinear capacity 
curves were derived by combining the in-plane and out-of-plane 
behavior of the buildings [139]. For this purpose, in-plane capacity 
was calculated based on the SP-BELA method, and out-of-plane behavior 
was represented by a lateral force-displacement curve based on [129]. 
First, displacement capacity for the out-of-plane actions was compared 
with the spectral displacement demands derived from a group of seismic 
records. If the building passed the acceptability check and did not satisfy 
the failure criteria, in-plane capacities for each damage threshold were 
compared with the demands. Finally, the combined fragility curves, 
considering both failure mechanisms, were derived [139]. 

The limit state values in CSB methods and the corresponding soft
ware packages are derived based on the mechanical equations related to 
the stiffness, mass, and height of the building after deriving the pushover 
curves; however, in well-known FDB methods (MeBaSe, DBELA, and SP- 
BELA) inter-story drift limit states should be defined performing 
experimental tests on the structural components to reduce the un
certainties. Afterward, the displacement capacities for each damage 
threshold can be defined using Equation (1). The inter-story drift limit 
states values utilized for the seismic vulnerability assessment of specific 
case studies with different construction material using mentioned FDB 
methods have been summarized in Table 6. 

A simplified FDB loss assessment methodology for different building 
typologies, including URM buildings, was proposed by O’Reilly et al. 
[140] in the framework of the research consortium ReLUIS (Italian 

Fig. 16. Analytical methodology of SP-BELA, adapted from [138].  
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acronym for University Laboratories Network of Seismic Engineering) in 
Italy, funded between 2014 and 2018. An FDB methodology for the 
seismic loss assessment of URM buildings, which needs nonlinear anal
ysis of detailed numerical models of the buildings in the framework of 
the ReLUIS project was also developed, which lies outside the scope of 
this study [141]. Nevertheless, in another approach, a simplified loss 
assessment methodology was applied to a URM school in Italy using a 
simplified FDB method [140]. 

A bilinear capacity curve of the ESDOF model based on [142] was 
defined by a yielding base shear capacity depending mainly on input 
parameters such as geometric features, material properties, mode 
shapes, and expected failure mechanisms. The ultimate capacity was 
computed based on the main prevailing mode of failure. Subsequently, 
the displacement thresholds were determined for each limit state. The 
yield displacement is computed as a function of maximum base shear 
and the effective stiffness, and the second and the third damage 
thresholds are derived linearly with respect to the first limit state. The 
fourth failure mode corresponds to the combination between the critical 
failure mode and the adequate story drift proposed in [142]. The ulti
mate displacement is computed considering both mentioned failure 
modes. After characterizing the force-displacement relationship, 
fragility curves were computed using an analytical formulation [141]. 

The mean annual frequency of exceedance of each damage threshold 
was derived from the site hazard curve using the intensity computed 
from the FDB method, and expected annual loss can be estimated. Detail 
about the simplified loss assessment methodology lies outside the scope 
of this study described in [140,141]. 

The methodology proposed in [140] has been applied to a URM 

school to evaluate the annual expected loss value. The comparison be
tween the results from this SAM with the results from NSA of the 
building modeled in the 3Muri software [46] shows a good correlation 
and, the methodology can be utilized for loss estimation of URM 
buildings with less computational efforts compared to time-demanding 
DAMs. 

Although the CSB methods usually need less computational effort 
compared to the recent FDB methods and require fewer structural de
tails, the FaMIVE method can be an exception as described in the text. 
Therefore, the CSB methods are usually considered efficient methods 
when details are not available, but in locations where a high level of 
details are available, the CSB methods can yield a higher level of un
certainties compared to the FDB methods [108,109]. Detail about each 
FDB method and relevant references for the case studies have been 
summarized in Table 7. One method for collecting data is the generation 
of a random population of buildings that should represent the whole 
building stock typology utilized in DBELA [134] and SP-BELA [137] 
methods. Note that FDB methods can be calibrated and utilized for the 
seismic vulnerability assessment of URM buildings with flexible, semi- 
rigid, and rigid floor systems; however, the connection of the walls to 
the floor plays a key role in investigating the out-of-plane collapse 
mechanisms. The out-of-plane collapse mechanisms, which can be crit
ical for URM buildings, are considered in the MeBaSe [127] and SP- 
BELA methods and neglected in other FDB methods and can be 
neglected by assuming a robust connection between the floor and the 
URM walls. 

Table 6 
Inter-storey drift limit states in percentage, utilized for the seismic vulnerability assessment of case studies using FDB methods.  

Method 
name 

Material type Region Limit states and their values in percentage (%) References 

Calvi Brick masonry Italy Limit 
state 1 

Limit state 
2 

Limit state 3 [125] 

0.1 0.3 0.5 
DBELA Brick masonry Northern Pakistan 0.08 0.15 0.35 [134] 
SP-BELA Adobe masonry Peru (Peruvian 

Andes) 
0.052 0.26 0.52 [139] 

Brick and stone 
masonry 

Italy Limit 
state 1 

Limit state 
2 

Limit state 3 for LPV1 

(Brick) 
Limit state 3 for 
HPV2 (Brick) 

Limit state 3 for 
Natural stone 

[137] 

0.13 0.34 0.72 0.45 0.61 
MeBaSe Stone masonry Canada (Quebec) Slight Moderate Extensive Complete [130] 

0.13 0.32 0.68 1.03 

1 low percentage of voids. 
2 high percentage of voids. 

Table 7 
Details about each FDB method and the relevant references for the applications.  

Method Data 
collection 

Collapse 
type 

Input demand data Applications References 

Calvi Exposure 
database 

In-plane Design displacement spectra 
considering energy dissipation and 
damping effects 

Computation of the probability of occurring a limit state by intersecting 
the capacity rectangles and the demand line. 

[125,143] 

MeBaSe Exposure 
database 

In-plane Elastic Displacement spectrum 
considering damping effects 

Computation of the limit states’ capacity displacement and comparison 
of the values with the demand displacements at the limit state’s 
corresponding vibration period of the structure. 

[127,130] 

Out-of- 
plane 

Acceleration demand for non- 
structural elements 

DBELA Random 
population 

In-plane 5% damped displacement spectra 
using site-specific GMPE 

Derivation of the idealized bilinear capacity curve considering post- 
yield degradation, defining the limit states, and investigating the 
probability of reaching or exceeding each limit state to the demand 
displacements. 

[134,136,144,145] 

SP-BELA Random 
population 

In-plane 5% damped displacement spectra 
with definite PGA values 

Computation of the displacement capacity, and the vibration period of 
the building at each limit state for in-plane and out-of-plane collapse 
mechanisms and investigating the probability of reaching or exceeding 
each limit state to the demand displacements. 

[138,139,146,147] 

Out-of- 
plane 

Acceleration demands for non- 
structural elements 

O’Reilly 
et al. 

On-site 
survey 

In-plane Damped displacement spectra Estimation of annual expected loss value by computing the mean 
annual frequency of exceedance of each damage threshold using FDB 
procedure. 

[140]  
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4.1. Software packages 

DBELA [134] and SP-BELA [137] are two software packages that 
used the FDB method. Each software program was developed by 
EUCENTRE in Pavia, Italy, with a different code-built structure that is 
applicable to the seismic vulnerability assessment of URM buildings at a 
large scale. SP-BELA can be connected to a user-friendly web-based GIS 
tool, thus allowing basic analysts to access the data on exposure, 
vulnerability, and hazard. The software highlights critical situations in 
terms of a seismic scenario by providing seismic risk maps. Moreover, 
near real-time damage scenario analysis is provided [138]. 

Although FDB software packages, compared to the well-known CSB 
software packages (i.e., HAZUS, ELER, SELENA), give less variability in 
results, they require a reasonable sample of building typology data. 
Therefore, in an area with low knowledge about the building samples, 
CSB software packages are recommended [108]. Furthermore, to eval
uate the losses due to each earthquake scenario, two or more software 
packages should be used to reduce uncertainties and provide more 
robust data. 

5. Conclusion 

Different types of SAMs were reviewed for the seismic vulnerability 
assessment of URM buildings and were categorized into three groups: 
(1) CMB, (2) CSB, and (3) FDB by emphasizing their mechanics basis, 
pros, and cons. Different software packages for each method were pre
sented and reviewed by explaining their limitations and advantages. 

CMB methods were presented as fast and reliable tools to assess the 
final collapse loading. For the seismic vulnerability assessment of his
torical URM buildings with complex architecture, using only global 
mechanism analysis may not reflect the actual behavior of a building. 
Therefore, the CMB methods are recommended to derive the collapse 
loadings for different local mechanisms and define the critical collapse 
mechanism with the lowest collapse loading value. These methods are 
widely applied to the seismic vulnerability assessment at building scale 
as a fast tool, but due to the simplicity, they are also widespread in large 
scale use. Considering predefined collapse mechanisms may cause un
realistic results; therefore, modeling the buildings with rigid blocks has 
attracted wide attention to overcome this shortcoming. Recently in 
order to decrease the level of epistemic uncertainties and speed up the 
analysis procedure, importing 3D drawings is tried to be embedded into 
the CMB method software packages. 

CSB methods using mechanical methods to derive the capacity 
curves and intersect the capacity curves with the demand spectra are 
widely used for the seismic vulnerability assessment of URM buildings. 
All the CSB methods and the software packages, except the FaMIVE 
method, neglect the out-of-plane behavior of URM walls, which can be 
critical collapse mechanisms in old URM buildings. Although the 
FaMIVE method needs a high level of detail and all sources of un
certainties are considered in the methodology, the main general feature 
of the CSB methods and software packages is their efficiency, which 
makes them suitable for the assessment at a large scale. A lower level of 
input data, simplicity of the procedure, less computational efforts, and a 
high number of software packages with user-friendly graphical user 
interfaces and well-prepared user manuals that can be linked to the GIS 
environment are the advantages of the CSB methods compared to other 
methods. These advantages make the CSB methods more efficient and 
suitable for the seismic vulnerability assessment at a large scale when 
detail input data is not provided for the location of a case study. 

FDB methods investigate the probability of reaching or exceeding the 
limit state displacement values to the demand displacements at the 
corresponding secant stiffness of a building. The FDB methods and 
software packages usually need more detailed input data about the 
buildings and more computational efforts compared to the conventional 
CSB methods. Nevertheless, in locations that detail data about the 
building typologies is provided, the FDB methods can be more reliable 

with less level of uncertainty. Although the out-of-plane behavior of 
URM walls is usually neglected in the CSB methods, except for the 
FaMIVE method, this phenomenon is evaluated in the MeBaSe and SP- 
BELA methods. 

All the methods for the seismic vulnerability assessment at a large 
scale should be verified based on the post-earthquake loss data from 
previous seismic events to find the most reliable method which can be 
applied in different areas, with different building typologies, as well as 
being fast and easy to use for the users. Although the mentioned soft
ware packages are used for the seismic vulnerability assessment of 
different cities and building stocks, it is necessary to use different well- 
known software packages in a specific area to reduce the uncertainty 
level and conclude robust results. 
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Abstract 

Masonry buildings have been used for centuries in various locations around the world, including areas with high 

seismicity. Studies about the behavior of masonry structural components subjected to lateral loadings and retrofitting 

techniques for improving their performance have gained much attraction lately. Various simplified methods have been 

presented in the literature for the seismic vulnerability assessment of masonry buildings. The initial in-plane stiffness of 

masonry walls is a key parameter which significantly affects the nonlinear backbone curve of the masonry walls as well 

as their ultimate in-plane strength. 

Different simplified analytical methods have been proposed for deriving the initial in-plane stiffness of masonry 

buildings with regular or irregular openings by considering the flexible spandrels that can translate and rotate under 

lateral load and flexible piers’ endings. In the analytical methods, the initial in-plane stiffness of each pier will be 

computed from the equations by considering the geometry of each component as input. Each structural component is 

considered as a spring and the stiffness of the whole system is computed based on equations of springs in series or in 

parallel.  

The finite element method is considered as a reliable tool for verifying the analytical methods. For this purpose, a 

homogenization method has been employed for modeling the masonry walls and lateral loads have been applied on the 

walls with the assumption of linear material to derive the initial in-plane stiffness of the walls. For this purpose, three 

categories of masonry walls have been considered with one, two, and three openings where the openings’ geometries 

also vary to investigate the effect of opening placements and irregularities on the initial in-plane stiffness of the walls. 

Afterwards, the stiffnesses computed from the analytical methods are compared with the stiffnesses that have been 

derived from the finite element analysis to investigate the accuracy of the analytical methods. It is shown that the 

analytical methods can be utilized for deriving the initial in-plane stiffness of masonry walls with openings, providing 

fast and accurate solutions in comparison to more detailed and time-consuming finite element implementations. 

Keywords: Initial stiffness; masonry walls; in-plane stiffness; analytical methods; finite element analysis
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1.  Introduction 

Unreinforced masonry (URM) buildings can be considered as the oldest construction technique in the world 

[1] that consists of URM shear walls as a load-bearing system [2, 3]. Moreover, nowadays, URM walls have 

been utilized in moment-resisting frames as an infill wall, effective on the building responses to the different 

types of loadings [4, 5]. The initial in-plane stiffness (IIPS) of each structural component is considered as a 

key parameter for design purposes and deriving the nonlinear analysis’s backbone curve [6, 7], which is 

significantly effective on the nonlinear analysis results. Therefore, calculating an accurate enough value for 

the IIPS of URM walls could be critical for seismic performance evaluation of URM buildings [8-10] and 

designing the modern buildings with URM infill walls [11]. Instead of performing finite element (FE) 

analysis, different analytical hand methods have been developed for the estimation of IIPS of URM walls 

with less computational effort. For the URM walls without openings, the estimation of the IIPS by assuming 

the wall as a deep beam is easy and accurate enough since rigid boundary conditions are considered in both 

the theory and equations. Nevertheless, in terms of perforated URM walls, the estimation of this parameter is 

not accurate enough due to the possible flexibility of pier ends [9].   

As the easiest method for the estimation of the IIPS of URM walls with openings, the wall is 

discretized to piers, and the IIPS of each pier can be derived based on the deep beam theory neglecting the 

flexible boundary conditions. It was investigated that the perforated wall’s IIPS is overestimated using this 

method [9]. Another well-known analytical hand method is called the interior strip method [12]. By 

comparing the results with the results of FE analysis, it was investigated that the interior strip method is not 

accurate enough and overestimate the IIPS of the perforated URM wall in some cases [12]. Moreover, an 

analytical method was proposed in [13] considering flexible endings for piers by modifying the boundary 

conditions stiffnesses, and design tables were provided to facilitate the estimation process of the IIPS. The 

method’s accuracy was then verified by comparing the results with the FE analysis results [13, 14]. 

Furthermore, the effective height method is an analytical method proposed in [9]. Modification of the pier 

stiffness due to the flexible boundary conditions has been performed using regression analysis based on the 

FE analysis of cantilever piers with different boundary conditions. The method has been validated by 

comparing the results with the FE analysis results of four perforated walls [9].  

The last two mentioned analytical methods are chosen in the current study to investigate their 

performance against the FE analyses. Due to the low number of case studies investigating the performance of 

the methods in previous studies, a broader level of URM walls with different configurations of openings is 

needed to be developed. Firstly, a FE model has been developed and validated based on an experimental test 

performed by [15]. Afterward, URM wall case studies with openings in different configurations have been 

modeled and analyzed. Then, the IIPS of the walls is derived based on the modified boundary conditions 

stiffness method and the effective height method. Finally, the results from the two analytical methods have 

been compared with the FE analysis results to determine each analytical method’s accuracy, and 

modifications have been proposed to improve the accuracy of the analytical methods. 

2. Method 

In this section, details about all the analysis types for estimating IIPS of URM walls are presented and 

investigated. Firstly, the experimental test is presented as the most robust method. Then the FE modeling 

procedure and the procedure of the two analytical methods utilized in this study are presented. 

2.1 Experimental test 

Quasi-static and monotonic tests on a single-leaf tuff masonry URM wall with an opening were performed 

by [15], where the geometrical data of the tested wall is shown in Figure 1. Vertical forces of 200 kN were 

applied to the piers by hydraulic jacks to simulate gravity loads [16]. A prescribed monotonic displacement 

was applied on one side of the wall through the test procedure, and the horizontal resistant force of the wall 

and the deformation were recorded. 
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2.2 FE modeling  

Different methods have been presented for the numerical modeling of URM walls. Among them, the 

continuum-based method is utilized in this study. In this method, the masonry unit will be considered as a 

homogenous texture, and the masonry blocks and mortar joint have not been modeled in detail [2]. 

Based on a database from the test to derive the shear modulus (G) of masonry, see [17], it is concluded 

that G=0.15E, where E is the modulus of elasticity. This is a reasonable estimation equation for calculating 

the accurate enough G parameter. Using G=0.4E by assuming the masonry as an isotropic material 

overestimates the G parameter and the URM wall’s stiffness [17]. The FE model of the test wall has been 

developed in DIANA FEA software [18] considering the mentioned assumptions with the material properties 

summarized in Table 1.  

Table 1 – Material properties of masonry for the FE model validation. 

 E(GPa) G(GPa) ρ (kg/m3) 

Tuff masonry (compression parallel to bed joints) 2.07 
0.31 1600 

Tuff masonry (compression perpendicular to bed joints) 2.22 

 

Furthermore, two blocks on top of each pier have been modeled to simulate the test set up with a 

specific density to simulate the constant vertical applied load of 200 kN as illustrated in Fig.1 [16]. However, 

it was investigated that the effect of vertical loads in FE analysis is negligible on the IIPS of URM walls, see 

[13].  

 
 

(a) (b) 

Fig. 1 – (a) Geometry and (b) FE model of the test wall (Dimensions in cm). 

2.3 Analytical methods 

The deep beam is considered a suitable structural model for solid, prismatic, and unperforated shear walls. In 

deep beam theory, the cross-sections are assumed to remain plane, and unlike in Bernoulli beam theory, 

cross-sections do not remain perpendicular to the beam axis after deformation [12]. The elastic in-plane 

shear stiffness of the wall can be obtained from Eq. (1) that combines the flexibility of the wall due to shear 

and flexure: 

  (1) 

where flexural stiffnesses for a cantilevered and two fixed end walls (Kflex) are calculated based on Eq. (2) 

and Eq. (3), respectively: 

                                            
(2) 

                                               
(3) 
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Moreover, the shear stiffness for a rectangular cross-section wall (Kshear) is calculated from Eq. (4): 

                                                     
(4) 

where E is elastic modulus,  is the moment of inertia for the gross section,  is the height of the pier, G is 

the shear modulus, and  is the cross-section area. Two ends of a pier are not stiff enough in perforated 

walls to satisfy the predefined stiffness boundary conditions of Eq. (2) and Eq. (3). For the estimation of the 

IIPS of perforated URM walls, in this paper, two analytical methods, (a) the effective height method (EHM) 

and (b) the modified boundary conditions stiffness method (MBCSM), have been studied in detail. 

2.3.1 Effective Height Method (EHM) 

In EHM, the pier is divided into equally two cantilever piers, and the stiffness of each segment can be 

calculated based on Eq. (2). The shear stiffness of the cantilever segment is calculated based on Eq. (4), but 

for the flexural stiffness, Eq. (5) is utilized. 

                                                     
(5) 

Three parameters are defined based on the geometry of the pier segment to calculate the r factor: the 

aspect ratio of the pier , the ratio of the depth of the spandrel component to the pier , and the 

symmetry factor of the pier end . The first two parameters can be calculated based on the geometry of the 

pier and the spandrel. The third parameter defines the asymmetry of the end region, which is described in [9]. 

After calculating the three mentioned parameters from the geometry of the pier and the spandrel the stiffness 

of the pier segments, the r factor can be derived using Eq. (6): 

 

(6) 

After deriving the in-plane shear stiffness of two cantilever pier segments, the IIPS of the whole pier 

can be calculated based on the stiffness of the top (Ktop) and bottom (Kbot) cantilever pier segments using Eq. 

(7): 

                                              

(7) 

For estimating the stiffness of a perforated wall, the wall can be discretized to horizontal (spandrels) 

and vertical (piers) elements, as illustrated in Fig.2b. Then the stiffness of the whole wall is defined by using 

the series or parallel spring rules for the elements, as is shown in Fig.2c. 

 
(a) (b) (c) 

Fig. 2 – (a) A perforated URM wall, (b) dividing the wall to the spandrel and piers, and (c) 

composite spring model of the wall. 
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The IIPS of each spandrel can be roughly estimated based on Eq. (2), which  is derived from Eq. 

(3), assuming a deep cantilever beam in a conservative way for all configurations of the spandrel. Then the 

effective stiffness of a perforated wall is calculated as described in [9]. 

 is derived based on the shear stiffness of the components; however, the in-plane bending action 

of the wall needs to be taken into account. This effect will become larger when the wall aspect ratio increases 

[9]. For this purpose,   should be modified based on Eq. (8): 

                                             

(8) 

where  is the bending stiffness of a perforated wall and calculated based on Eq. (9): 

                                                                                      (9) 

In Eq. (9), the term corresponds to the perforated wall’s moment of inertia and  is the total height 

of the perforated wall. The term 𝜌 is a correction factor to consider the opening effects calculated based on 

Eq. (10): 

 (10) 

where is the ratio of the area of the openings to the area of the wall in percentage [9]. 

2.3.2 Modified Boundary Conditions Stiffness Method (MBCSM) 

In MBCSM, the rotational deformations of the top and bottom spandrel of a pier are considered, but the 

shear stiffness term of Eq. (1) is not changed, and the flexural stiffness has been modified and calculated 

based on Eq. (11) [14]: 

 

(11) 

where  and  are equal to  and  respectively. Making the calculation procedure easier, a 

simplified nondimensional relationship for estimating the IIPS of a pier is introduced [14]. Firstly, three 

nondimensional parameters should be defined as follows: 

                                                               
(12) 

 
(13) 

                                                            
(14) 

Furthermore, the stiffness nondimensional parameter will be calculated from Eq. (15): 

 
(15) 
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where the term p is calculated based on  where: 

 (16) 

and  

 
(17) 

After deriving the flexural stiffness part of the pier from Eq. (15), the pier’s IIPS can be estimated 

based on Eq. (1) [14]. Note that the effect of asymmetry of pier ends, stiffness of spandrels and bending 

stiffness of the whole wall have been neglected in the MBCSM method. 

2.4 Developed case studies 

Totally 15 walls with an equal height, including the experimental test wall (model Ex) with one, two, and 

three openings in different configurations, have been developed for performing the comparative study. 

Geometry, opening configurations, and allocated name of each case study are presented in Fig.3.  

   

1a 1b 1c 

   
1d 1e 1f 

   

1g 2a 2b 

  
 

2c 2d 3a 



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 27th to October 2nd, 2021 

  

7 

  
3b 3c 

Fig. 3 – Geometry and opening configurations of the URM wall case studies (Dimensions in m). 

2.5 Performance of the analytical methods 

The IIPS of the case studies will be estimated using the two mentioned analytical methods. However, for the 

MBCSM, three scenarios have been considered. Firstly, the stiffness has been calculated just by summing 

the piers’ stiffnesses. In the second scenario, the effect of spandrel stiffness has been considered 

(MBCSM+SE), and in the third scenario, the bending effect of the whole perforated wall is taken into 

account in the calculations (MBCSM+SE+BE). 

2.5.1 Quantitative approach 

The values of coefficient of determination (R2), root mean square error (RMSE), and mean absolute error 

(MAE) are calculated based on Eqs. (18), (19), and (20), respectively, to evaluate the performance of the 

analytical methods.  

                             

     

(18) 

                               

                       
(19) 

                                                       (20) 

where N is the number of the values in both datasets,  and are the values from two datasets and  and 

 are the corresponding mean values. It is noted that a larger value of the R2 and lower values of RMSE and 

MAE show a better correlation between the two datasets. 

2.5.2 Qualitative approach 

In the qualitative approach, the scatter plot of the results has been provided. The deviation of the equality 

line (Y=X) from the best fitted polynomial line (i.e., Y=aX+b) shows the correlation of the result of each 

method to the obtained results from the FE analysis; and therefore, the robustness of each analytical method. 

3. Results and discussion 

3.1 FE model validation and mesh sensitivity analysis 

The effect of mesh element size has been investigated to achieve the most efficient and accurate enough 

meshing size. Table 3 shows the four maximum mesh element sizes assigned to the FE model of the test wall 

and the corresponding number of the elements.  

Table 2: Mesh sizes and the number of elements for performing the mesh sensitivity analysis. 

Mesh size (m) 0.02 0.05 0.1 0.2 

Number of elements 36764 5859 1466 403 
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A displacement with the values of 1mm has been applied on the loading position, and the IIPS is 

calculated as the ratio of the base shear and the prescribed displacement. Figure 12 shows the ratio of the 

IIPS derived from the FE model to the experimental test and the mesh sensitivity analysis results. Based on 

Fig.4, the maximum mesh size of 0.1 m is considered the most efficient mesh size, and the FE model is 

validated with adequate accuracy.  

 
Fig. 4 – Results of the mesh sensitivity analysis. 

3.2 FE analyses results 

The material properties and the thickness of the developed case study walls are considered equal to the 

experimental tests. However, the elastic moduli in both X and Y directions are the same with a value of 2.07 

GPa. After developing the FE models, the analysis has been done by applying a load on the top left of the 

wall and recording the displacement at the top right side of the wall. Based on the test procedure, a 

displacement-based analysis has been done for the validation of the FE model of the test wall. Nevertheless, 

for the analysis of the case studies, a load-based method has been utilized by applying a force and recording 

lateral displacement. Note that based on the previous studies on the perforated URM walls, the results from 

the displacement-based procedure are more conservative than the load-based procedure, see [19]. Moreover, 

the load-based method better reflects the loading that would be applied during a seismic event compared to 

the displacement-based procedure [19]. Fig.5 shows the displacement contour of the case study walls in the 

X direction from the FE analysis. 

   
Ex 1a 1b 

   
1c 1d 1e 
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1f 1g 2a 

   
2b 2c 2d 

   
3a 3b 3c 

Fig. 5 – Displacement contour of the URM wall case studies in X direction obtained from FE analyses. 

3.3 Comparative study of the perforated URM wall case studies 

All the results from the FE analyses and four analytical methods have been derived, and the IIPS of the 

perforated URM walls are shown in Table 5. For the results from the FE analyses, the IIPS values of the case 

studies are calculated by dividing the applied force by the recorded displacement. The results in Table 3 

show that for models 1f, 1e, and 1g, the IIPS values calculated from the analytical methods are the same, but 

the FE analysis results are different. Therefore, the location of opening that affects the IIPS is not effective 

on the results derived from the analytical methods that can be the weakness of the analytical methods. For 

this purpose, analytical methods for walls with symmetric configurations of openings give more accurate 

results. 

Table 3 –IIPS of the case studies from FE analysis and the analytical methods in (kN/mm) 

Model name FE EHM MBCSM MBCSM+SE MBCSM+SE+BE 

Ex 57.1817 57.0973 87.7436 72.0029 64.3741 

1a 37.7489 39.4851 106.95 55.178 40.1496 

1b 6.9093 6.8225 8.9125 8.5899 8.1169 

1c 27.5064 26.4202 44.5625 37.276 28.755 

1d 36.3148 32.7925 68.448 46.2486 34.5878 

1e 44.9309 39.1383 114.4097 56.0822 40.6262 

1f 32.3233 39.1383 114.4097 56.0822 40.6262 

1g 32.1328 39.1383 114.4097 56.0822 40.6262 

2a 104.5415 99.0443 182.9935 116.2014 105.6221 

2b 103.246 101.7857 188.5906 118.4334 107.463 

2c 114.7652 111.0057 318.3407 126.3638 114.1944 

2d 49.1843 64.1954 157.2289 71.5514 65.5155 

3a 52.7841 48.4768 53.6991 49.5441 42.5073 

3b 8.9398 10.2374 10.9736 10.7159 10.0469 

3c 31.6113 36.7344 48.9335 34.4814 30.8833 
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The values of R2, RSME, and MAE are illustrated in Fig.6 for investigating the accuracy of each 

analytical method. As illustrated in Fig. 6, the value of R2 for the EHM is the largest, and the values of 

RSME and MAE are the lowest compared to other analytical methods. This method can be considered the 

most robust method compared to other analytical methods. Moreover, it is illustrated that the accuracy of the 

MBCSM is not enough to be employed for estimating the IIPS of URM walls. By considering the spandrel 

stiffness effects, the results improve, and by taking to account the bending effect stiffness, the results become 

more accurate. The values of R2 for EHM and modified MBCSM are 0.97 and 0.96, respectively, which 

confirm them as the accurate methods for estimating the IIPS of URM walls. 

  
                                         (a) (b) 

 
(c) 

Fig. 6 – (a) R2
,
 (b) RMSE, and (c) MAE values for the four mentioned analytical methods. 

Based on the scatter plot of EHM in Fig.7 (a), the results of EHM are accurate enough, but the best-

fitted polynomial line of the MBCSM is not close enough to the equality line as illustrated in Fig.7 (b). The 

modifications by considering the spandrel stiffness effects and bending stiffness effects are taken into 

account to increase the accuracy of MBCSM that can be seen in Fig.7 (c) and (d). 

  
           (a) (b) 
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     (c)            (d) 

Fig. 7 – Scatter plot and the equality line for the results of FE analysis and (a) EHM, (b) 

MBCSM, (c)  MBCSM + SE, and (d) MBCSM + SE + BE (in kN/mm). 

4. Conclusion  

The IIPS of URM walls is considered an effective parameter on the structural vulnerability assessment of 

URM buildings and designing modern structural systems with URM infill walls. FE modeling is considered 

as a more robust method for deriving the IIPS of the URM walls with openings compared to the analytical 

methods. Nevertheless, expertise and high computational efforts are two main barriers that have limited the 

application of the FE method. Therefore, different analytical methods have been proposed for calculating the 

IIPS of URM walls with openings. The MBCSM and EHM are chosen as the analytical methods to 

investigate their performance against the FE analyses’ results. For this purpose, URM wall case studies with 

different openings configurations have been developed, and the IIPS of the walls have been derived using the 

FE analyses and the mentioned analytical methods. The accuracy of each analytical method is evaluated 

quantitatively by calculating the RSME and MAE, and R2 parameters and qualitatively by providing the 

scatter plots. Performance evaluations show that results using EHM have enough accuracy but results from 

MBCSM show a high deviation from the FE results. Two modifications have been applied to MBCSM. 

Firstly, the effect of spandrel stiffness has been considered, and through the second modification, the effect 

of bending stiffness of the wall is added to the previous one. The comparative studies show that the modified 

MBCSM is accurate enough to estimate the IIPS of URM walls with openings.  
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A B S T R A C T   

Unreinforced masonry (URM) buildings are susceptible to extraordinary actions such as earth
quakes compared to steel or reinforced concrete buildings. Various methods have been developed 
for the computational analysis of URM buildings in the last few decades. The equivalent frame 
method (EFM) is one of the numerical modeling approaches widely used for the nonlinear ana
lyses of URM buildings. Different macroelements in the context of the EFM have been proposed. 
However, there is still a need for an efficient modeling approach in the computational effort that 
can predict the real behavior of URM structural components with sufficient agreement and 
available in opensource structural analyses software packages. For this purpose, a new macro
element based on the multiple vertical line element method (MVLEM) element has been devel
oped in this study. The MVLEM is available in the OpenSees software platform comprising vertical 
uniaxial macro-fibers and a shear spring as an efficient macroelement for nonlinear analysis of 
flexure-dominated reinforced concrete walls. The novel macroelement, double modified MVLEM 
(DM-MVELM) element has been proposed consisting of two modified MVLEM elements tied with 
a nonlinear shear spring at the middle with a trilinear backbone behavior. DM-MVLEM can 
capture the axial-flexural interaction with lower computational effort than finite element models 
and fiber beam-column elements. The DM-MVLEM has been validated against the test results at 
the structural components level and a full-scale perforated URM wall. Unified method (UM) and 
composite spring method (CSM) are two existing EFMs that are presented in this study. A study is 
performed by comparing the seismic behavior of the perforated URM walls modeled using the 
UM, CSM, and DM-MVLEM modeling strategies. Results show that the DM-MVLEM can predict 
the damage patterns, and nonlinear behavior of spandrels can be simulated that was usually 
modeled with linear behavior in EFMs.   
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1. Introduction 

Unreinforced masonry (URM) construction system composed of brick units and mortar is a typology that is prevalent in high 
seismicity zones, i.e., southern European countries and the Middle East [1,2]. Experience from the past earthquakes has revealed that 
the URM construction system is vulnerable due to the brittle characteristic of the masonry, weak connections between the vertical and 
horizontal components, and susceptible connection between floor system and URM walls that leads to a considerable increase in losses 
for authorities [3–5]. Although studies on the seismic design and analyses of reinforced concrete and steel structures have gained more 
attention in recent years, studies on the seismic vulnerability assessment of URM structures have increased dramatically [3,6,7]. 

Masonry and timber are considered as the oldest construction material, abundantly found in historic areas [8,9]. Due to the brittle 
behavior of masonry as a low tensile strength material, existing URM buildings show nonlinear behavior even at the early stage of 
seismic loading; therefore, incremental iterative nonlinear analyses is a crucial part of an accurate seismic vulnerability assessment 
methodology [10,11]. Nonlinear static or pushover analysis (POA) is widely used for the seismic vulnerability assessment of URM 
buildings, and different assessment methodologies such as the N2 method [12] based on the POA results have been developed [13–15]. 
The POA results can be highly dependent on the load pattern applied on buildings [16]. Nonlinear time history analysis (NTHA) can be 
considered as the most robust analysis method for seismic vulnerability assessment [17,18]. Earthquake records specification, i.e., 
their duration, the sequence of peaks, and the frequency content are considered in NTHA, but are neglected in the monotonic POA 
procedure [13,19]. Nevertheless, the NTHA has been utilized sparingly for the seismic vulnerability assessment of buildings due to the 

Nomenclature 

A Cross-sectional area of URM components 
b Width of a Pier 
beff Effective interlocking length of URM units 
bh Thickness of a brick plus a mortar joint 
c Location of center of rotation of the MVELM element 
E Elastic modulus of masonry 
fc Compressive strength of masonry 
ftd Diagonal tensile strength of masonry 
fteq Equivalent tensile resistance of a spandrel segment due to interlocking 
fv0 Shear strength of masonry at zero compressive stress (cohesion) 
G Shear modulus of masonry 
h Height of a pier 
hsp Depth of a spandrel neglecting the lintel 
ht Total height of a URM wall 
Heff Height of piers considering cantilever idealization of spandrels 
Ig Inertia moment of a pier 
Iw Inertia moment of a whole URM wall 
K0 Initial in-plane stiffness of a URM wall 
KEs Shear stiffness of a URM wall 
KEu Initial in-plane stiffness of a URM pier segment with definite boundary conditions 
L Length of a pier 
t Thickness of URM components 
VD Maximum shear strength of a URM segment based on the diagonal cracking failure mode 
VI Interlocking shear strength of bed joint of spandrels 
Vm Maximum shear strength of a URM segment 
VR Maximum shear strength of a URM segment based on the rocking failure mode 
VS Maximum shear strength of a URM segment based on the shear sliding failure mode 
α0 Zero-moment coefficient 
αy Fraction of the yielding shear strength on the maximum shear strength 
β Stiffness degradation factor due to ductility 
ζ Shear stress distribution coefficient at the center of a pier 
η Ratio between the secant stiffness corresponding to Vm and K0 
ηsoft Softening stiffness coefficient 
ηa Coefficient for allocating the vertical compression 
λ Revision coefficient accounting for the compression ratio and aspect ratio for calculating Vm 
σ0 Vertical compression stress 
σp Vertical compressive stress in the adjacent piers of a spandrel 
μ Friction coefficient  
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considerable computational efforts required [20,21]. 
Limit analysis-based solutions have also been utilized to calculate the collapse multipliers and the collapse mechanisms [1]. 

Compared to the incremental iterative analyses approaches, load-bearing behavior, including maximum displacement or post-peak 
response, cannot be derived using the limit analysis-based solutions [22]. Limit analysis-based methods by modeling structures 
using rigid blocks were utilized for collapse analysis of masonry towers [23,24], arches [25,26], and buildings [27–30]. 

Understanding the probable failure modes of URM walls is a crucial part of nonlinear modeling. Failure modes of URM walls 
subjected to combined vertical and in-plane loadings are dependent on the different properties such as wall aspect ratio, mechanical 
properties of masonry, and boundary conditions [31–33]. Fig. 1 shows three types of failure modes of URM walls. In the shear sliding 
failure mode (see Fig. 1 (a)), sliding along a single mortar bed-joint line or in a stepwise fashion along bed-joints and head-joints occurs 
that usually can be detected in walls with a low aspect ratio (squat walls). The diagonal cracking failure mode involves both masonry 
units and mortar joints, with the formation of a diagonal crack starting from the middle of the wall and propagating toward the corners, 
as shown in Fig. 1 (b). The rocking failure mode produces tensile or crushing cracks or both at the corner of the wall, as depicted in 
Fig. 1 (c), which most frequently occurs in walls with high aspect ratios (slender walls) [19,21,31]. 

Due to the composite and non-homogenous nature of masonry, modeling URM buildings poses a challenge. Modeling procedures 
that are associated with the incremental-iterative analyses approaches can be divided into three main groups: 1) discrete element 
model (DEM) 2) continuum homogenous model (CHM), and 3) equivalent frame model (EFM) [1,14]. In DEMs, the actual texture of 
masonry is identified by modeling mortar joints and masonry units [34,35]. In CHMs, no distinction between individual masonry units 
and mortar is considered. Less computational effort and fewer input data, as well as an easy modeling procedure, are the main ad
vantages of CHMs over DEMs [14]. CHMs are widely used for nonlinear analysis of full-scale cultural heritage assets with complex 
architecture where out-of-plane failure mechanics may be critical [4,36,37]. 

EFMs are widely used for the global seismic assessment of existing URM buildings in engineering practice [10]. In EFMs, a 
perforated wall is discretized to vertical (piers) and horizontal (spandrel) components that are connected with rigid zones [1]. 
Although both in-plane and out-of-plane collapse mechanisms are considered in other mentioned models, in the EFMs, the out-of-plane 
mechanisms have been usually neglected [10], and this approach is consistent with FEMA 356 guideline [38]. Moreover, well-known 
EFM software packages (e.g., 3Muri [39]) neglect the out-of-plane contribution of the walls, but investigate the local collapse 
mechanisms through a separate analysis by neglecting the interactions between the global and local seismic responses [29,40]. 

Fig. 2 shows a schematic overview of the two incremental iterative analysis methods versus related modeling approaches utilized 
for the seismic vulnerability assessment of URM buildings by emphasizing the computational efforts level. Fig. 2 indicates that the 
NTHA of DEMs is considered to be the least common methodology for the seismic vulnerability assessment of URM buildings, but the 
POA of EFMs is widely used nowadays by practitioners due to its simplicity and efficiency. 

Keeping the simplicity of modeling and lowering the uncertainties, stochastic NTHA of the EFMs will be an alternative to the 
simplified analytical methods for seismic vulnerability assessment of URM buildings at a large scale or an efficient tool for analysts. 
This study focuses on the NTHA of EFMs as illustrated in the black box in Fig. 2. 

The first developments of EFM originated from the POR method [41]. A simple elasto-plastic behavior was considered for beam 
nonlinearity with assuming rigid spandrel and nodal zones. This approach was then developed by implementing shear and rocking 
hinges for piers and spandrels in SAP 2000 software package [19]. However, due to the high level of computational efforts for the 
NTHA, the rocking hinges at the two ends of the piers and shear springs in the middle of the spandrels were omitted [19]. In order to 
investigate the axial-shear (N-V) interaction, a method implementing two rotational plastic hinges at two ends of beam elements was 
developed in SAP 2000 [21]. This method was then simplified by neglecting the N-V interaction in the pier hinges and considering 
linear spandrels [42]. A two-node macroelement consists of three parts: a central body, where only shear deformations are possible, 
and two interfaces, where the external degrees of freedom has been developed [43]. This macroelement is calibrated to account for the 
accurate enough cyclic behavior of both flexural and shear failure mechanisms and implemented in the 3Muri software package [39]. 
This macroelement is then modified to tackle the limitations i.e., the inability to capture at the same time both axial and flexural 
stiffnesses of the element and neglect of the N-V interaction during the analysis procedure [44,45]. By developing fiber beam elements 
considering a spread plasticity model, different methods were proposed to consider the axial-flexural (N-M) interaction in structural 

Fig. 1. Crack patterns of a URM wall subjected to axial and lateral loadings for the shear sliding (a) diagonal cracking (b), and rocking (c) failure modes [21].  
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components [46,47]. The nonlinear response of the fibers is simulated by the mono-axial constitutive law of masonry, and a nonlinear 
shear spring has been implemented in the middle of the element to represent shear failure behavior [47]. 

Using spring elements for modeling both perforated and unperforated URM walls is a simplified approach that has been employed 
in the unified method (UM) [48]. In the UM, a URM wall is characterized by a nonlinear shear spring per story [48]. However, by using 
the composite spring method (CSM) as a more detailed method than the UM, nonlinear shear springs are assigned to each structural 
component [49]. A nonlinear shear spring is characterized by a definite backbone curve and hysterics rules dependent on the possible 
failure mode of the structural components [49]. In order to capture all the failure modes, including the combined flexural and shear 
failure modes, in piers and spandrels and incorporate an exact enough hysterics model for performing the NTHA, a spring-based 
macroelement was developed and validated against the experimental tests [50]. The macroelement comprises two rotational 

Fig. 2. Schematic overview of different incremental iterative analysis methods as a function of the relevant numerical modeling methods and corresponding 
computational efforts. 

Fig. 3. (a) A perforated URM wall, (b) a schematic view of the wall modeled using the UM and configuration of axial and shear springs, (c) the discretization of the 
wall to piers to derive the maximum shear strength of each story, and (d) the backbone curve of the nonlinear shear spring. 
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springs at the two ends of the structural components to capture the flexural behavior and a shear spring to reflect the shear failure [50]. 
In this study, multiple-vertical-line-element-model (MVLEM), a macroelement model developed for modeling the flexure domi

nated reinforced concrete (RC) shear walls, is utilized to innovate a macroelement for the seismic analysis of URM buildings. An 
MVLEM element comprises a set of uniaxial nonlinear fiber elements connecting upper and lower rigid beam elements and a nonlinear 
shear spring which is located at a specific height [51,52]. Simple formulation, numerical stability, the efficiency of computational 
effort, the ability to capture important features such as shifting of the neutral axis, and the effect of a fluctuating axial force on strength 
and stiffness are the main characteristics of the MVLEM element that is available in OpenSees framework [51,53]. The MVLEM element 
cannot reflect the N-V interaction. To tackle this limitation, this element was improved by incorporating macro-fiber elements that 
allow coupling of N-M and shear responses at the model element level [54–56]. 

The new macroelement called DM-MVLEM consists of two modified MVLEMs that are tied together with a nonlinear shear spring. 
DM-MVLEM validated against the experimental tests on two piers, one spandrel, and a full-scale perforated URM wall. Furthermore, 
UM and CSM are selected and among the existing EFMs and modified to perform a comparative study. The methods’ performance for 
capturing the nonlinear behavior and damage pattern prediction of URM buildings has been investigated by performing pushover and 
incremental dynamic analyses. 

2. Overview of existing macroelements 

In this section, the procedure of two existing macroelements for nonlinear dynamic analysis of URM buildings is presented. Firstly, 
the UM procedure is reviewed as the simplest method in this study, and some modifications have been suggested. Moreover, as the 
second method, the CSM is developed based on the shear constitutive law of URM piers presented in the UM with manipulation of the 
hysteresis rules validated against the test results. 

2.1. Unified method (UM) 

The UM was proposed as a simplified method for the seismic analysis of confined and unconfined masonry structures with and 
without openings [48]. In this approach, a URM wall of a story is modeled with a unique macroelement that consists of two vertical 
linear springs at two corners of a wall to transfer the axial loads and a nonlinear shear spring modeled at the middle of the wall to 
represent the nonlinear shear behavior of the wall as it is illustrated in Fig. 3 (b). The two axial springs (Sa) are located at two sides of a 
wall with the stiffness of EA

2h, where E is the elasticity modulus, A is the cross-section area, and h is the height of the wall. As illustrated in 
Fig. 3 (d), the shear spring (Ss) consists of a nonlinear material with the backbone curve to capture the shear failure behavior of the wall 
in such a way that two other degrees of freedom are free [48]. 

For the perforated URM walls, a conservative approach by assuming uncoupled piers is considered for deriving the maximum shear 
strength. This corresponds to the cantilever idealization that null shear strength is considered for the spandrels [39], and the term Heff 

is the height of the vertical component as illustrated in Fig. 3 (c). Therefore, as shown in Fig. 3 (c), the total height of each floor is 
utilized for all the piers of each floor, and the total shear strength is calculated as the sum of the shear strength of the piers. As 
investigated in Ref. [48], the maximum shear strength can be computed for the piers based on: 

Vm = 2.15λ0.256
[

1
1.2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + ηa
σ0

fv0

√

+ μ(1 − ηa)
σ0

fv0

]

fv0A (1)  

where σ0 is the compression stress, fv0 is the shear strength of the masonry at zero compressive stress, a value of 0.6 is suggested for the 
term ηa which is the coefficient for allocating the vertical compression, μ which is the friction coefficient is suggested to be 0.4 [48], A is 
the cross section of each pier segment, and λ factor is calculated as: 

λ=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

σ0

fc
e−

Heff
L when 0 <

Heff

L
≤ 0.675

σ0

fc
e− 1.55

Heff
L when

Heff

L
> 0.675

(2) 

Fig. 4. Workflow of EHM for calculating the initial in-plane stiffness of perforated URM walls.  
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where fc is the compressive strength of masonry, and L is the length of the piers as illustrated in Fig. 3 (c). 
Initial in-plane stiffness is a crucial parameter for defining the backbone curve that can be calculated as follows for unperforated 

URM walls with fixed-fixed and fixed-free boundary conditions, respectively: 

KEu =
1

h3

12EIg
+ 1.2h

GA

(3)  

KEu =
1

h3

3EIg
+ 1.2h

GA

(4)  

where h is the height of a pier as illustrated in Fig. 3 (a), G is shear modulus, and Ig is the moment of inertia of the wall cross section. 
However, due to flexible boundary conditions of piers in perforated URM walls, utilizing Equation (3) will overestimate the initial in- 
plane stiffness. In order to calculate the initial stiffness of perforated walls, effective height method (EHM) is considered a simplified 
analytical method clarified in Refs. [57,58]. A comparative study was done in Ref. [59], and it is investigated that the EHM can be an 
exact enough method validated against the FEM results compared to the analytical method presented in the UM literature [48]. The 
workflow of the EHM to derive the initial in-plane stiffness (K0) of a perforated URM wall is depicted in Fig. 4, and more details are in 
Refs. [58,59]. 

After deriving Vm, and K0, as illustrated in Fig. 3 (d) trilinear backbone curve can be derived based on αy for calculating the yielding 
strength, η which is the ratio between the secant stiffness corresponding to Vm and K0, and ηsoft is the softening stiffness coefficient [48]. 
For simulating the hysteresis rules, the Hysteretic material in the OpenSees framework can be utilized, and details about the effects of 
each parameter are presented in Ref. [53]. The pinching factors for strain and stress during reloading and the stiffness degradation 
factor are presented in Table 1 in accordance with [48], and a value of 0.05 is considered for the damage due to the energy factor. 

2.2. Composite spring method (CSM) 

The well-known EFM characterized by assigning nonlinear shear springs to the middle of linear beam-column elements for 
simulating the nonlinear behavior of piers is presented in Refs. [19,49,60]. In the CSM, a perforated URM wall is discretized to piers 
and spandrels, and a nonlinear spring is assigned to each pier. For discretizing the structural components, the method proposed by 
Dolce [61] was utilized. Based on this method, the spandrels and piers were divided and connected with rigid elements such that the 
length of the spandrels equals the length of the openings, and the effective height of the piers has been derived by the intersection 
between the vertical centroidal axis of each pier with the lines forming a 30◦ angle from the corners of the adjacent openings as 
illustrated in Fig. 5 (a) [61]. 

In different studies, it was assumed that spandrel elements remained elastic throughout the analysis due to the high dependency of 
this element on different parameters (i.e., the type of lintel, effective interlocking length etc.), and failure is assumed to occur in piers 
[19,42,60]. 

Nonlinear shear springs are assigned to the piers with an elastic axial stiffness (see Fig. 5 (b)). The spring element acts as a pure 
shear spring with a length equal to the height of a pier by tying the rotational degree of freedom and an elastic stiffness to represent the 
axial stiffness with the value of EA

h for each pier. The initial in-plane stiffness of the nonlinear shear spring can be calculated based on 
Equation (3). Moreover, the maximum shear strength of each pier can be considered as the minimum value of the shear strength for the 
three failure modes for URM piers [21,50]. The maximum shear strength for the three failure modes can be obtained using the 
equations proposed in Table 2 [21,47,50].where ftd is the diagonal tensile strength of masonry, b is the width, t is the thickness of a 
pier, and ζ is the shear stress distribution coefficient at the center of a pier considering the aspect ratio calculated based on the 
equations in Table 3: 

Moreover, the parameter α0 is the zero-moment coefficient relevant to the moment distribution along with the height of a pier that 
should be defined by applying a static lateral load with a load pattern similar to the first mode of the building [21]. Then this parameter 
is calculated as the maximum value of the fraction of the height of a pier (H0) with a positive or negative moment value as depicted in 
Fig. 5 (c) to the total height of a pier. 

Table 1 
Parameters and the corresponding equations for deriving the backbone curve of nonlinear shear spring of the UM and defining the hysteresis rules.  

Parameter section Parameter Unperforated URM wall Perforated URM wall 

Backbone αy  σ0 + 0.0049fc
0.86σ0 + 0.15fc

≥ 0.4  
0.81σ0 + 0.043fc

σ0 − 0.067fc
≥ 0.4  

η  0.14 0.19 
ηsoft  − 0.168

σ0

fc
− 0.0168  − 0.365

σ0

fc
− 0.01  

Hysteresis pinching factor for strain during reloading 0.5 0.3 
pinching factor for stress during reloading If 

σ0

fc
< 0.15  0.8 0.3 

If 
σ0

fc
≥ 0.15  0.6 0.25 

Damage due to energy 0.05 0.05 
Stiffness degradation factor due to ductility (β) 0.5 0.6  
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2.2.1. Validation of the CSM 
A full-scale two-story perforated URM wall as illustrated in Fig. 6 (a) was tested at the University of Pavia, and cyclic prescribed 

displacements as shown in Fig. 6 (b) were applied to the first and second floors with a ratio of 0.65 [62]. Fig. 6 (c) shows the 
stress-strain curve of the masonry material used in the experimental test with ftd = 0.21 MPa and fv0 = 0.345 MPa based on the ma
terial properties presented in Ref. [62]. The wall was modeled using CSM and the phenomenological laws of the unperforated URM 
walls presented in Table 1 (as utilized in the UM [48]) could be applied to each pier’s nonlinear shear spring. However, the β factor was 
considered to be 0.6, and the accuracy of this assumption was investigated by comparing the test and numerical results. 

A displacement control analysis using a Modified-newton solution algorithm was performed, and the convergence was controlled 
by means of an energy convergence test with a tolerance of 10− 4. The results were plotted as the base shear versus the roof 
displacement and compared with the test result in Fig. 6 (d) [62]. The comparison of the CSM results with the experimental data shows 
a good match in terms of roof displacement and base shear that confirms the use of the phenomenological laws of the unperforated 
URM walls utilized in the UM with manipulation of β factor. 

3. Development and validation of the novel macroelement 

Defining critical components is not possible in the UM, and a conservative procedure is considered for deriving the maximum shear 
strength of the perforated wall. In the CSM, detecting the critical components is possible, but the failure of a perforated wall is assumed 
to occur due to the piers assuming a linear element for the spandrels. Moreover, N-M interaction has not been considered in the CSM 
since all nonlinear behavior has been concentrated in a nonlinear shear spring. Considering similar hysteresis rules for both shear and 
flexural failure modes is another limitation of the CSM. To tackle all the limitations by keeping the simplicity of modeling, stability in 

Fig. 5. (a) Discretization of a perforated URM wall to piers and spandrels based on Dolce’s method, (b) schematic view of the wall modeled based on the CSM, and (c) 
moment distribution of the modeled wall subjected to lateral loadings as a sample. 

Table 2 
Equations for calculating the maximum shear strength of a URM wall based on shear sliding, diagonal cracking, and rocking failure modes.  

Parameter (failure mode) Equation 

VS (shear sliding)  
⎛

⎜
⎜
⎝

ftd + 0.4σ0

1 +
3α0hfv0

σ0b

⎞

⎟
⎟
⎠bt  

VD (diagonal cracking)  ftdbt
ζ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
σ0

ftd

√

VR (rocking)  σ0

2α0h

(

1 −
σ0

0.85fc

)

b2t    

Table 3 
Equations for deriving ζ (the shear stress distribution coefficient at the center of a pier considering the aspect ratio).  

Aspect ratio Shear stress distribution coefficient 

h
b
≤ 1 →   

ζ = 1  

1 <
h
b
< 1.5 →   ζ =

h
b  

h
b
≥ 1 →   

ζ = 1.5   
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analysis, and efficiency in terms of the computational effort, a novel macroelement has been proposed and validated against the test 
results in this section. 

3.1. Multiple vertical line element method (MVLEM) 

The MVLEM element is available in the OpenSees framework [53] utilized to define the exact axial-flexural and shear behavior of a 
URM structural component with a high level of convergence during the nonlinear analyses and less computational effort [51,63]. The 
MVLEM element comprises multiple vertical nonlinear uniaxial fibers (nonlinear truss elements) that connect the upper and lower 
rigid elements, whereas the shear response is simulated by a shear spring located at height ch from the bottom of the wall element as 
depicted in Fig. 7 (a) [56]. The rotation of the wall due to axial-flexural loadings and transverse displacement due to the shear spring 
occurs independently and is summed up as the lateral displacement of a wall with fixed-free boundary conditions as highlighted in 
Fig. 7 (a) [56]. The MVLEM element has been utilized for the nonlinear analysis of flexural behavior dominated reinforced concrete 
walls and verified against the test walls with fixed-free boundary conditions [51,52,63]. Although, for employing the MVLEM elements 
in fixed-free boundary conditions, a sensitivity analysis should be done to investigate the most efficient number of elements that can 
predict the plastic hinge length. But, in order to implement an exact enough shear behavior formulation that is common for URM with 
the minimum number of elements for the fixed-fixed boundary conditions, modifications and new formulations are needed. 

In order to simulate the pure axial-flexural behavior of a wall by neglecting shear behavior, the MVLEM undergoes modification. 
For this purpose, the rotational center of the MVLEM element is considered at the end of the element as illustrated in Fig. 7 (b). 
Furthermore, the first degree of freedom of the spring, the horizontal transition, must be rigid, with all other degrees (two and three) 
free. 

3.2. Double modified multiple vertical line element method (DM-MVLEM) 

In order to implement an explicit shear behavior formulation for URM walls, double modified MVLEMs (DM-MVLEM) are con
nected via a nonlinear shear spring, and two modified MVLEM elements are tied with a rigid connection in other degrees of freedom, as 
illustrated in Fig. 8 (a). Fig. 8 (b) shows fixed-fixed, and fixed-free boundary conditions and Fig. 8 (c) illustrates the kinematics of the 
novel macroelement subjected to lateral and compressive loadings in fixed-fixed and fixed-free boundary conditions. Therefore, the 
novel element can predict the actual flexural and shear behavior of URM components in both fixed-fixed and fixed-free boundary 
conditions by means of two MVLEM elements. 

The stress-strain constitutive law of masonry is assigned to each uniaxial fiber, and for the shear constitutive law, shear sliding and 

Fig. 6. (a) Geometry of the Pavia door wall, (b) cyclic displacement protocol of the test, (c) stress-strain curve of masonry [62], and (d) experimental-numerical 
comparison curves of the walls. 

Fig. 7. (a) Kinematics of the conventional MVLEM element subjected to lateral and axial (compression) loadings, and (b). the modified MVLEM element for 
developing the macroelement to nonlinear modeling of URM buildings. 
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diagonal cracking failure modes are considered since the fiber elements represent the flexural failure mode. For the mechanical 
properties of the nonlinear shear spring, the maximum shear strength can be determined as the minimum value of VS and VD based on 
the equations in Table 2, and the initial stiffness is derived based on Equation (5) since this spring only contributes to the shear 
behavior of the element [21,50]. 

Fig. 8. (a) The DM-MVLEM macroelement composing two modified MVLEM element and a nonlinear shear spring at the middle, (b) fixed-fixed and fixed-free 
boundary conditions of URM walls, and (c) the kinematics of the novel macroelement with the two mentioned boundary conditions subjected to lateral and 
axial loadings. 

Fig. 9. (a) Displacement protocols applied to the HW and LW specimen, (b) experimental test setup [11], (c) geometry of the HW and LW, (d) the crack patterns 
(failure mode) based on the test results and kinematics of the DM-MVLEM models of the walls [32]. 

A. Shabani and M. Kioumarsi                                                                                                                                                                                       



Journal of Building Engineering 49 (2022) 104019

10

KEs =
GA
1.2h

(5) 

The DM-MVLEM can be utilized for modeling spandrels by presenting new constitutive laws based on the experimental tests for the 
nonlinear shear spring. A macro-model was developed by employing the Euler-Bernoulli beam since Timoshenko’s shear contribution 
is simulated in the shear spring at the middle of the macroelement [64]. For this purpose, the modified MVLEM elements are employed 
as an alternative to the Euler-Bernoulli beam (similar to modeling pier elements), and a nonlinear shear spring is implemented at the 
middle of the spandrel. 

The maximum shear strength of the shear spring is derived as the minimum value of the VD (diagonal cracking) derived from the 
equation in Table 2 and the interlocking strength at bed joints at the intersection between spandrel and piers (VI) [65] which is: 

VI =
fteqthsp

2

3L
(6)  

where hsp is the spandrel’s depth without lintel, and fteq represents the equivalent tensile resistance due to interlocking, which is 
calculated based on: 

fteq =
beff

bh

(
fv0 + 0.65σp

)
(7)  

where beff is the effective interlocking length and bh is the thickness of a brick plus a mortar joint, and σp corresponds to the vertical 
compressive stress in the adjacent piers [64,65]. 

3.2.1. Validation of piers modeled with the DM-MVLEM 
To validate the DM-MVLEM, two URM walls with two different (shear and rocking) failure mechanisms were modeled based on the 

experimental tests presented in Refs. [32,66]. A constant vertical load of 150 kN was applied on top, and a quasi-static static test was 
done by applying a lateral cyclic displacement, as illustrated in Fig. 9 (a). Fig. 9 (b) shows the test setup for performing the quasi-static 
on the double clamped URM wall. The two-wythe clay-brick walls with the same thickness of 25 cm but different heights (see Fig. 9 (c)) 
were modeled with the DM-MVLEM. The material properties of the wall are similar to the Pavia door wall as presented in Ref. [32]. In 
the OpenSees framework, Concrete02 material has been utilized to model the fibers with the stress-strain curve based on the material 
properties presented in Ref. [32], and the Hysteretic material was utilized to model the trilinear shear spring as illustrated in Fig. 3 (d). 
Values utilized to derive the trilinear curve of the shear spring are presented in Table 4 based on [46,47,50], and the validity was 
investigated. 

As illustrated in Fig. 9 (d), rocking failure mode with large horizontal cracks at the two ends of the wall occurs in the high wall (HW) 
test specimen [32]. The DM-MVLEM model of the HW indicates that the fiber elements are involved, and the deformation of the fibers 
is dominant compared to the deformation of the shear spring. Moreover, the test result shows the diagonal shear failure mode in the 
low wall (LW) specimen [32]. The contribution of the shear spring deformation of the DM-MVLEM model of the wall is more than the 
fiber elements that shows the shear failure mode. Therefore, the DM-MVLEM can predict both flexural and shear failure modes when 
compared with the test results. 

The results of the displacement control analyses for the walls are depicted in Fig. 10 and compared with the experimental tests’ 
results. Fig. 10 shows that the LW is characterized by wide cycles; the HW represents smaller cycles with lower dissipative capacity 
compared to the LW. The numerical-experimental comparison for both walls indicates that the DM-MVLEM provides an accurate 
enough estimation of shear capacity and cyclic behavior for the walls with specific failure mechanisms. 
3.2.1.1. Comparative study of the accuracy of the DM-MVLEM. In order to compare the accuracy and efficiency of the novel DM- 
MVLEM element, results of the pushover analysis of the LW and HW specimens were carried out based on different modeling ap
proaches and the results were compared with the test backbone curve result. Pushover analysis results of models developed using five, 
ten, and twenty MVLEM elements connected vertically with the nodes at the endings, as well as the CSM macroelement are depicted in 
Fig. 11 for both walls. Furthermore, FE analysis results were derived for the walls with Total strain crack material (TSCM) and En
gineering masonry material (EMM) models in DIANA FEA software [51,67] plotted in Fig. 11. Compared with the TSCM, a shear failure 
mechanism based on the standard Coulomb friction failure criterion is included in the EMM model. 

Initial stiffness, loading capacity, and post-peak stiffness are three main parameters for predicting the bilinear pushover curve of 

Table 4 
The values of the parameters utilized for defining the backbone curve of nonlinear shear spring for piers in the DM-MVLEM and the corresponding hysteresis rules.  

parameters Values 

dm  0.0015h  
du  0.01h  
Vu  0.2Vm  

Pinching factor for strain during reloading 0.4 
Pinching factor for stress during reloading 0.2 
Damage due to energy 0.05 
β 0.75  
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URM buildings. Backbone curves of the test result are considered as references and based on Fig. 11, the percent error values of the 
initial stiffness, loading capacity, and post-peak stiffness of various numerical simulations are presented in Fig. 12 (a) and (b) for the 
LW and HW specimens respectively. Note that the percent error value equals to the absolute error value divided by the test results’ 
values. The average of percent error values that might not be a robust enough parameter for evaluating each numerical method are 
calculated and presented in Fig. 12 (c) for each wall to summarize the detailed results of Fig. 12 (a) and (b) and facilitate the 
comparative study. It can be pointed out that among the FE models, EMM is more accurate compared to the TSCM for the prediction of 
the load-bearing behavior and the damage pattern [67]. The CSM can predict the lateral load-bearing behavior of the LW with shear 
failure behavior with a good agreement but with a poor agreement for the HW with flexural failure mode. The poor agreement is shown 
for the backbone properties of the specimens modeled with the MVLEM elements; however, the loading capacity of the HW is in a good 
agreement with the test results and the error value is decreased by increasing the number of MVLEM elements [68]. The results of the 
models with MVLEM elements are sensitive to the number of the elements in fixed-fixed boundary conditions, and failure mode 
prediction cannot be investigated for the models developed using MVLEM elements. Therefore, using MVLEM elements for the 
nonlinear analysis of URM walls is not recommended. The DM-MVLEM models show a good agreement with the test results for both 
walls so that the average of percent error values are less than 13% for both specimens. Although more computational effort is needed to 
analyze the FE models compared to the EFM approaches as reported in Refs. [2,29,69], a better correlation between the DM-MVLEM 
models and test results is concluded compared to the FE model with EMM. 

3.2.2. Validation of a spandrel modeled with the DM-MVLEM 
Validation of a spandrel using the DM-MVLEM was carried out based on a quasi-static cyclic test presented in Ref. [70]. A 

three-wythe clay-brick URM spandrel with a thickness of 38 cm was tested as shown in Fig. 13 (a) so that the pier (a) was fixed, but the 
pier (b) could move vertically. Moreover, the rotation of the two ends of the pier (a) was fixed during the analysis, and a constant 
uniform compressive stress of 0.5 MPa was applied on the piers [70]. Note that in the OpenSees framework, modeling the MVLEM 
macroelements in a horizontal direction is not possible; therefore, to simulate the spandrel elements, the modified MVLEM elements 
had to be modeled manually by employing nonlinear truss elements for modeling the fibers, rigid beam elements for the top and 
bottom of the element, and the twoNodeLink element available in OpenSees to connect the rigid top and bottom parts [53]. Moreover, 
two modified MVLEMs were connected using a zero-length element to represent the nonlinear shear behavior of the DM-MVLEM 

Fig. 10. Experimental-numerical comparison curves of the HW and LW walls.  

Fig. 11. POA results of the (a) LW and (b) HW modeled based on various modeling strategies and the backbone curve of the tests’ results.  
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element. The numerical model developed using the DM-MVLEM and the displacement protocol applied vertically to the pier (b) has 
been illustrated in Fig. 13 (b) and (c). 

The stress-strain constitutive law for masonry is depicted in Fig. 14 (a), and the values for ftd and fv0 are considered 0.19 MPa and 
0.28 MPa, respectively based on [70]. Values for the pinching factors and damage due to energy are taken from Table 4, similar to the 
values for the masonry piers. Other parameters are summarized in Table 5 for defining the spandrels’ nonlinear shear springs validated 
after the calibration process by plotting the experimental and numerical curves as depicted in Fig. 14 (b). Differences between the 
maximum shear strength and the initial stiffness of the test specimen and the numerical model are 1.3% and 9.7%, respectively. 

3.2.3. Validation of a full-scale perforated wall modeled with the DM-MVLEM 
In order to investigate the accuracy of the proposed method, the Pavia door wall (see Fig. 6) was modeled using the DM-MVLEM as 

illustrated in Fig. 15 (a), and the cyclic prescribed displacements were applied based on the experimental test [62]. Differences be
tween the maximum shear strength and the initial stiffness of the test specimen and the numerical model are 5.2% and 11.7%, 
respectively. The comparison of test results and the numerical simulation, as illustrated in Fig. 15 (b), shows a good agreement be
tween roof displacement and base shear. 

Fig. 16 (a) shows the crack patterns and failure mechanisms of the Pavia door wall after performing the test. Combined diagonal 

Fig. 12. Percent error values for the initial stiffness, post-peak stiffness, and loading capacity values for the (a) LW, (b) HW specimens, and (c) the average of the 
percent error values. 

Fig. 13. (a) Geometry of the H shape model, (b) numerical model of the test specimen based on DM-MVLEM, and (c) displacement protocol applied to the spec
imen [70]. 
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shear and flexural failure mechanisms cause the soft story in the first floor, with cracks visible in the spandrels of the first story. As 
illustrated in Fig. 16 (b), the DM-MVLEM is able to predict the failure mechanisms of the URM structural components in agreement 
with the results from the test. Failure of the fiber elements of the DM-MVLEM elements in the first story and the shear springs shows the 
mixed shear-flexural failure. Moreover, cracks in spandrel elements are predicted in the numerical model, as seen in the test. 

In order to investigate the accuracy of the model developed using the DM-MVLEM when subjected to more realistic seismic events, 
incremental dynamic analysis (IDA) [71,72] of a single record was performed. The IDA results were compared to the pushover analyses 
results. Mass proportional and mode proportional load patterns were chosen for performing the POA to investigate their accuracy 
compared to the IDA results. 

The results associated with Rayleigh damping based on mass and tangent (current) stiffness matrix and last committed stiffness 
show an approximate consistency based on [73]. Therefore, considering convergence issues and prolongation of analysis caused by 

Fig. 14. (a) stress-strain curve of masonry based on the Concrete02 material, and (b) experimental-numerical comparison curves of the spandrel element.  

Table 5 
The values of the parameters utilized for defining the backbone curve of nonlinear shear spring for spandrels in the DM-MVLEM and the corresponding hysteresis rules.  

Parameters values 

dm  0.002h  
du  0.008h  
Vu  0.5Vm  

В 0.5  

Fig. 15. (a) The developed model of the wall based on the DM-MVLEM and (b) experimental-numerical comparison curves of the perforated URM wall.  
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using the current stiffness matrix, it may be judicious to apply the committed stiffness matrix in lieu of the current stiffness matrix 
which results in saving computational time. An equivalent damping ratio of 2% at the first and second modal frequencies is considered 
[47] proportional to the mass and the last committed stiffness matrix for performing the IDA. 

For performing the IDA, a seismic record was applied to the model, and the intensity of the record was increased. Two seismic 
records were chosen from the FEMA P-695 seismic records [74]. Fig. 17 (a) shows the diagram of base shear versus roof displacement 
resulting from the NTHA of the modeling subjected to the Kobe seismic record, which occurred in Japan with a magnitude of 6.9, and 
Fig. 17 (b) shows the results of the Landers record in the United States which had a magnitude of 7.3. 

To investigate the most accurate process for the comparison, two scenarios were considered to illustrate the IDA results in the 
versatile OpenSees framework. For each record’s result, maximum displacement and the corresponding base shear (MDCB) and the 
maxima of base shear and displacement curve (Maxima) were extracted, with the curves provided for the records, as illustrated in 
Fig. 17. The results of the Maxima and MDCB scenarios are not distinguishable before the peak base shear as shown in Fig. 17, but the 

Fig. 16. (a) Crack patterns of the Pavia door wall at the end of the test, and (b) damage representation of the wall modeled with the DM-MVLEM.  

Fig. 17. Pushover curves of Pavia door wall based on mass-proportional and mode-proportional loading patterns and results from the IDA based on the Maxima and 
MDCB scenarios for the (a) Kobe and (b) Landers seismic records. 

Fig. 18. (a) Pushover curve of the Pavia door wall developed based on the UM, CSM, and the DM-MVLEM and (b) damage representation of the Pavia door wall 
modeled using the DM-MVELM and CSM. 
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envelope curve of the results from the NTHA based on the Maxima scenario cannot reflect the post-peak degradation that the MDCB 
results can exhibit. 

The mode proportional pushover curves are closer to the IDA envelope curves before the peak base shear due to the stiffness 
degradation and the damage due to energy. However, the mass proportional pushover curves can exhibit maximum base shear and the 
corresponding roof displacement in better agreement with the IDA results. As illustrated in Fig. 17, the post-peak degradation visible in 
both mode and mass proportional pushover curves is in good agreement with the results from the IDA based on the MDCB scenario, 
which shows the accuracy of this scenario for the evaluation of the accuracy of the pushover load patterns compared to the con
ventional Maxima scenario utilized in Refs. [18,21,50,60]. 

4. Seismic behavior of the full-scale wall modeled with the UM, CSM, and DM-MVLEM 

The Pavia door wall as shown in Fig. 6 (a) was modeled using the UM, CSM, and DM-MVLEM as case study 1 for performing a 
comparative study. A comparative study is carried out to evaluate the performance of each method. Discussions of the results of the 
seismic analyses in this section are elaborated in the next section by emphasizing the characteristic of each modeling approach. 

4.1. Pushover analysis 

The POA was performed considering the load pattern of the test for the Pavia door wall to enable comparison of the results with the 
test results. The POA results of the CSM, and DM-MVLEM models are illustrated in Fig. 18 (a). As illustrated in Fig. 16, failure modes 
can be predicted in good agreement with the test results for the DM-MVLEM model during the cyclic displacement control analysis. In 
order to compare the failure modes occurring in the case study, the damage patterns for the model developed using the DM-MVLEM 
and CSM by performing a monotonic POA are illustrated in Fig. 18 (b) at the final prescribed displacement of the pushover curves. 

4.2. Multiple records IDA 

Twenty-two pairs of far-field seismic records from the FEMA-P 695 guideline [74] were chosen, and the IDA was done by increasing 
the intensity of the records until a limit state was reached. The inter-story drift of 1% was considered for the collapse limit state based 
on [38]. An IDA curve is a diagram of the ground motion intensity measure (IM) against an engineering demand parameter (EDP). The 
IM and EDP are the spectral acceleration corresponding to the first mode elastic vibration period of the structure considering 5% of 
damping (Sa(T1, 5%)), and the maximum inter-story drift respectively in this study [75]. Fig. 19 shows the result of the IDA of the case 
study modeled using the three methods. 

To facilitate the comparison of the IDA results, the mean value of the IMs that cause an inter-story drift limit state to occur was 
derived and is summarized in Fig. 20. The first limit state is considered as the immediate occupancy (IO) with an inter-story drift of 
0.3%, the second is life safety (LS) with an inter-story drift of 0.6%, and the third is collapse prevention with an inter-story drift of 1% 
based on [38]. 

5. Discussion 

The main advantages of UM are that it obviates the need for the discretization of structural components (piers and spandrels), uses 
simple formulations for deriving the nonlinear spring parameters, requires less computational effort and results in a good convergence 
during the nonlinear analyses are the main advantages of the UM. However, using the EHM for deriving the initial in-plane stiffness of 
URM walls is approximate that cannot reflect the effects of the unsymmetrical openings. Furthermore, the equation for deriving the 
maximum shear strength considers the rocking and shear sliding failure modes for a perforated wall with a simplified conservative 
assumption and does not consider the failure mode of each pier separately. Since a perforated wall is not discretized into piers and 
spandrels, the most critical structural components cannot be detected using the UM approach. 

Fig. 19. IDA curves of the Pavia door wall modeled based on the UM, CSM and DM-MVLEM.  
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By discretizing the piers and spandrels through the modeling and calculating the maximum shear strength based on three failure 
modes of piers, the most probable failure mode of each pier, as well as cracked or damaged components that cannot be predicted using 
the UM can be detected using the CSM. However, concentrating all the failure behavior of the wall (flexural and shear modes) in a 
single shear spring is not realistic enough. Considering the same deformation limits and the same hysteresis rule for the piers with 
rocking and shear failure modes is another limitation of this method. Moreover, N-M interaction and the effect of a fluctuating axial 
force on the strength and stiffness of the components are not investigated in the CSM. Furthermore, a reliable method for modeling 
spandrels is needed to investigate the effect of this structural component on the results. The DM-MVLEM is an alternative to tackle the 
limitations and maintain simplicity, efficiency in computations, and stability during the nonlinear analyses. The main features of the 
methods and FE method using EMM [67,76] are synthesized in Table 6 to facilitate comparison. 

A comparative study was carried out on the nonlinear analyses’ results of the Pavia door wall developed using the UM, CSM and 
DM-MVLEM. The POA results show good agreement of the CSM and DM-MVLEM with the test results for deriving the pushover curve 
(see Fig. 18 (a)). However, due to the conservative approach of the UM for calculating the maximum shear strength by assuming weak 
connections of spandrels to piers, the pushover curve is derived conservatively compared to the test. The damage patterns for the Pavia 
door wall show that the CSM model cannot reflect the combined shear-flexural failure mode, as seen in the test. Therefore, the diagonal 
shear failure mode that can be seen in the test cannot be seen in the CSM model. Nevertheless, the damage pattern is predicted with a 
good agreement to the test results using the DM-MVLEM model, as illustrated in Fig. 18 (b). The results of the IDA show that the DM- 
MVLEM reflects a more conservative approach in terms of hysteresis rules compared to the CSM since the pushover curves are close to 
each other, but the mean acceleration values for the IO and CP limit states as shown in Fig. 20 are less than in the CSM. Moreover, as 
expected from the pushover curves the UM yields the most conservative results in the IDA. 

6. Conclusion 

Various simplified methods have been developed for the nonlinear modeling of URM buildings to perform seismic analysis with 
sufficient speed and accuracy. The UM is a simplified method that is considered the most efficient method reviewed and modified by 

Fig. 20. The mean values of IMs that cause the IO, LS and CP limit states to occur in the case study modeled based on the UM, CSM and DM-MVLEM.  

Table 6 
Comparison of the main features of the UM, CSM, and DM-MVLEM.  

Feature section Feature UM CSM DM-MVLEM FEM (EMM) 

Modeling and calculation Discretization of the structural components × ✓ ✓ ×

Consideration of N-M interaction × × ✓ ✓ 
Consideration of N-V interaction × × × ✓ 
Stress-strain curve input data × × ✓ ✓ 
Explicit hysteresis behavior for different in-plane failure modes × × ✓ ✓ 
Combined in-plane and out-of-plane response × × × ✓ 

In-plane failure mechanisms Soft story ✓ ✓ ✓ ✓ 
Flexural failure mode of piers × ✓ ✓ ✓ 
Shear failure mode of piers × ✓ ✓ ✓ 
Flexural failure mode of spandrels × × ✓ ✓ 
Shear failure mode of spandrels × × ✓ ✓ 
Combined flexural and shear failure modes × × ✓ ✓ 

Type of analyses Modal analysis ✓ ✓ ✓ ✓ 
Static linear ✓ ✓ ✓ ✓ 
Nonlinear pushover ✓ ✓ ✓ ✓ 
Nonlinear dynamic ✓ ✓ ✓ ✓ 
Local collapse analysis × × × ×

Availability Availability in openaccess or opensource software ✓ ✓ ✓ ×
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employing accurate enough EHM to derive the initial in-plane stiffness of perforated URM walls. But in a more detailed approach, the 
CSM is entailing a model of a perforated wall with nonlinear shear springs for the piers, with the linear spandrels. Definite equations for 
deriving the maximum shear strength of the piers were utilized for different failure modes, and the accuracy of using phenomeno
logical laws of the unperforated URM walls presented in the UM with manipulation was investigated through the validation process. 

To tackle the limitations of the UM and CSM and maintain simplicity in modeling, efficiency in computational efforts, and stability 
during nonlinear analyses, a novel macroelement is developed using the MVLEM element available in the OpenSees framework. The 
new macroelement consists of two modified MVLEMs to reflect the axial-flexural behavior of the wall connected via a nonlinear shear 
spring at the middle. The DM-MVLEM is validated against the experimental tests results on piers, a spandrel, and a full-scale perforated 
URM wall. Results of the POA of two piers with different modeling strategies show that MVLEM cannot reflect the actual behavior of 
URM piers, but the DM-MVLEM can predict the real behavior of the piers with good agreements with the tests’ results. Even more 
correlation between the DM-MVELM and tests’ results is concluded compared to the FE model using EMM with more computational 
effort. In order to investigate the accuracy of the DM-MVLEM subjected to dynamic loading and detect the most accurate load pattern 
for performing the POA, the results of the IDA for the Maxima and MDCB scenarios of two seismic records have been plotted against the 
mode proportional and mass proportional POA results. The results show that the IDA results of the Maxima and MDCB are indistin
guishable before and including the point with the maximum base shear strength, but after that point, the envelope curve of the MDCB 
can reflect the post-peak degradation that cannot be seen for the Maxima curve. Hence, compared to the conventional Maxima sce
nario, the MDCB scenario can be a more realistic way to plot the IDA curves and compare the POA and IDA results. 

A study was conducted to compare the seismic behavior of the Pavia door wall case study developed using the three aforementioned 
modeling approaches. The results from the POA show a good agreement of the CSM and DM-MVLEM with the experimental test results. 
The damage pattern is predicted by the DM-MVLEM in good agreement with the test. Nevertheless, the combined flexural and shear 
failure modes detected in the test are not predicted by the CSM. The IM values derived from the IDA of CSM and DM-MVLEM are close 
to each other for IO and LS limit states, but the DM-MVLEM is on the safe side in predicting the occurrence of the CP limit state. 

The UM can be utilized as a fast tool for seismic analysis of ordinary URM buildings with conservative results. Given that not only 
the global analysis results but also detection of the most critical component are crucial, the CSM can be an accurate enough alternative 
for modeling the URM buildings without weak spandrels compared to the pier elements. The novel DM-MVLEM is an accurate enough 
method to predict the combined shear and flexural failure modes, nonlinear behavior of spandrel elements, and capture the N-M 
interaction effects. Future studies are required to improve the load-bearing behavior of the DM-MVLEM by implementing a new 
formulation to consider the N-V interaction during the analysis. Moreover, the element can be utilized for the nonlinear modeling of 
reinforced masonry walls. 
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Abstract. Brick masonry is considered as one of the old construction materials, and several 

cultural heritage assets are made of unreinforced masonry (URM), which is susceptible to 

earthquakes due to its brittle behavior. The equivalent frame method (EFM) is a nonlinear 

modeling method widely utilized for the seismic analysis of URM buildings with lower 

computational efforts than finite and discrete element methods. In this study, three 

macroelements, including the unified method (UM), composite spring method (CSM), and 

double modified multiple vertical line element model (DM-MVLEM), were utilized to model 

three case studies. The first case study is a full-scale two-story URM wall that was tested by 

applying the cyclic prescribed displacements, and two other case studies were developed by 

changing the configuration of openings. The second case study is with short piers, and weak 

spandrels exist in the third model. The efficiency of the methods in terms of the accuracy of the 

pushover results, prediction of damage patterns, and duration of the incremental dynamic 

analysis (IDA) are discussed. Finally, seismic fragility curves are provided to compare the IDA 

results. 
  

1 INTRODUCTION 

Recently, developing an integrated resilience assessment platform by utilizing a fast, 

adapted, and efficient multi-hazard risk assessment tool has gained acceptance for the 

sustainable reconstruction of historic areas [1]. Although different simplified analytical 

methods have been proposed to assess the vulnerability of unreinforced masonry (URM) 

buildings at a large scale, by developing computer technology and emerging supercomputers, 

accurate and fast nonlinear modeling approaches should be utilized for the near-real-time 

assessment or prediction of seismic risk purposes with a lower level of uncertainty [2]. 

Moreover, simplified methods could be necessary tools for the seismic analysis of buildings for 

designers who lack specialized skills. The equivalent frame method (EFM) is considered as the 

mailto:amirhose@oslomet.no
https://www.oslomet.no/om/ansatt/amirhose/
mailto:mahdik@oslomet.no
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most efficient method for nonlinear analysis of URM buildings [3]. Figure 1 shows the number 

of published journal articles regarding the EFM based on the related keywords searched in the 

Scopus database. The evolution of different macroelement models and their applications for 

seismic analysis of buildings with unreinforced masonry walls depicts the significance and the 

efficiency of the EFM. 

 

Figure 1: Number of relevant published journal papers since 1995 adapted from Scopus. 

Various macroelements were developed to represent the nonlinear behavior of URM pier 

and spandrels, in which the unified method (UM) is considered one of the most simplified 

macroelements [4]. The main concept of UM is to model each URM wall in each story with a 

macroelement. The macroelement was then modified using the equivalent height method 

(EHM) for calculating the initial in-plane stiffness of the perforated URM walls [5, 6]. Shear 

and rocking hinges were employed at the middle and two sides of the elastic beam-column 

elements, respectively representing the failure modes and nonlinear behavior of masonry piers 

and spandrels in [7, 8]. As a simplified version, the composite spring method (CSM) was 

developed [3, 5]. Each pier can be modeled using a nonlinear shear spring with a specific 

backbone curve and ignoring the nonlinear behavior of spandrel elements. Fiber elements were 

also utilized to represent the nonlinear behavior of URM structural components considering the 

effect of axial-flexural interaction (N-M) [9, 10]. DM-MVLEM was developed considering the 

N-M effects with a lower computational effort than the fiber elements [3]. DM-MVLEM 

consists of two modified MVLEM elements available in OpenSees [11]. Two modified 

MVLEM elements are tied with a zero-length element to simulate the nonlinear shear behavior 

of the URM segments [3].  

Seismic risk analysis should be performed to define the most vulnerable structures and 

determine the most efficient strategy for retrofitting the existing structures. The seismic fragility 

curves can be utilized to evaluate the expected social and economic losses [12]. Fragility is 

structure-specific and depends on the structure's design properties and condition. More 

specifically, fragility is defined as the probability of a structure reaching or exceeding a definite 

limit state subjected to an earthquake with an intensity level [13]. The fragility curves can be 

derived based on empirical, analytical, or hybrid methods. Around 64% of the literature studies 

from 2005-2021 related to seismic fragility analysis utilized analytical methods, and only 10% 

of the studies are related to the URM buildings [14]. Derivation of fragility curves based on the 
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IDA is one of the most accurate analytical methods [15]. Although this method is 

computationally demanding compared to other analytical methods, no prior assumptions are 

required regarding the probabilistic distribution of seismic demand for the derivation of fragility 

functions [16]. 

In this study, the UM, CSM, and DM-MVLEM were utilized to develop the nonlinear models 

of three case studies with different configurations of openings. The UM and DM-MVLEM are 

considered as the simplest and the most detailed methods, respectively. To investigate the 

accuracy of the methods, pushover analysis and IDA were carried out. The efficiency of the 

methods in terms of the accuracy of the pushover curves, prediction of damage patterns, and 

duration of the incremental dynamic analysis (IDA) are discussed. Furthermore, fragility curves 

were provided based on the IDA results by determining the record-to-record variability and 

modeling uncertainties, and the curves were compared to each other.  

2 DEVELOPMENT OF NONLINEAR MODELS 

Three case studies with different configurations of openings were modeled based on the UM, 

CSM, and DM-MVLEM. Therefore, nine nonlinear models were developed, and more details 

about the modeling based on each method in the OpenSees framework are presented in the 

following sections. 

2.1 Unified method (UM) 

The unified method (UM) was developed for the nonlinear analysis of confined and 

unconfined masonry walls. The UM macroelement consists of two truss elements at the two 

ends of the wall with linear behavior and a nonlinear shear spring in the middle of a wall. A 

nonlinear material with a trilinear backbone curve can be assigned to the lateral degree of 

freedom of the UM macroelement, and the other two degrees are free [4]. For this aim, two 

node link element and the hysteretic material model, available in the OpenSees library, were 

utilized. The maximum lateral strength of an unconfined URM wall can be calculated based on 

an equation that is not validated to calculate the value in the presence of the openings [4]. 

Another strategy was proposed to derive the maximum lateral strength by considering a weak 

connection between the piers and spandrels [3]. This conservative approach corresponds to the 

cantilever idealization in which null shear strength is considered for the spandrels. The 

maximum lateral strength is the sum of the maximum lateral strength of the vertical URM 

segments. The initial in-plane stiffness of URM walls with openings can be calculated based on 

the EHM. The EHM is a simplified analytical method that considers the flexibility of the two 

ends of piers due to the presence of spandrels for calculating the initial in-plane stiffness of 

URM walls with openings [6]. Details about the backbone curve and hysteresis parameters are 

presented in [3].  

2.2 Composite spring method (CSM) 

CSM is more accurate than the UM by discretizing perforated URM walls into piers and 

spandrels that are connected with the rigid elements based on the Dolce method [17]. The two 

node link element with a linear axial stiffness, fixed rotational degree of freedom, and a 

nonlinear shear spring were utilized to model a pier. The maximum lateral strength of piers is 

defined as the minimum value of the lateral strength due to shear sliding (𝑉𝑠), diagonal cracking 
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(𝑉𝐷), and rocking (𝑉𝑅) failure modes [3]. The failure modes of piers can be roughly estimated 

by calculating the maximum lateral strength of each pier and defining the corresponding failure 

mode, which cannot be predicted using the UM. The initial in-plane stiffness of piers can be 

calculated based on the deep beam theory assumption by combining the shear and flexural 

stiffness of a wall with fixed-fixed boundary conditions [6]. Other specifications of the 

nonlinear shear spring are similar to unperforated walls presented for the UM macroelement 

elaborated in [3]. Note that, in this model, the nonlinear behavior of spandrel elements is not 

taken into account by modeling them using elastic beam-column elements.  

2.3 Double modified MVLEM (DM-MVLEM) 

Considering the nonlinearity in the spandrel element, N-M interaction effects, and prediction 

of the combined shear and flexural failure modes, DM-MVLEM is the most accurate 

macroelement used in this study. The DM-MVELM consists of two modified MVLEM 

connected with a zero-length element as a nonlinear shear spring [3]. The number of fiber 

elements is equal on two sides of the connection nodes of the MVLEM [18]. Therefore, the 

MVLEM elements cannot be used to simulate the asymmetrical segments that are common for 

URM spandrels. Furthermore, MVLEM elements cannot be utilized for modeling in the 

horizontal direction, and for modeling spandrel elements, the MVLEM elements should be 

modeled manually. For this aim, truss elements simulate the fiber elements of the MVLEM 

elements and connect two rigid parts to simulate the original MVLEM element for simulating 

the spandrels. Concrete 02 or Concrete 03 material with the stress-strain curve of masonry and 

the hysteretic material with a trilinear backbone curve can be assigned to the elements. Note 

that the former is assigned to the MVLEM fibers of piers and truss elements of spandrels, and 

the latter is assigned to the transitional degree of freedom of zero-length elements in the 

transverse direction to simulate the nonlinear shear behavior of the segments. The maximum 

lateral strength of the pier elements can be determined as the minimum value of the 𝑉𝑠 and 𝑉𝐷 

based on [3]. Note that the maximum lateral strength of spandrels is determined as the minimum 

value of the 𝑉𝐷 and the interlocking strength at bed joints at the intersection between spandrel 

and piers (𝑉𝐼) based on [19]. The shear stiffness of the wall considering the deep beam theory 

for a pier with fixed-fixed boundary conditions can be considered as the initial in-plane stiffness 

of the zero-length elements [6]. 

2.4 Nonlinear models of full-scale URM walls  

A full-scale two-story URM wall with openings tested at the University of Pavia (case study 

A) was considered the benchmark model in this study, see [20]. Case studies B and C were 

developed by changing the opening size of the benchmark model. Case study B is with an 

asymmetric configuration of openings and short piers, and case study C is with weak spandrels 

as illustrated in Figure 2 (a). All the case studies were modeled based on the DM-MVLEM, 

CSM, and UM as shown in Figure 2 (b), (c), and (d), respectively. Note that the UM models are 

the same based on the same length and height of the floor walls. Stress-strain curve of the URM 

material is depicted in Figure 2 (e) with the diagonal tensile strength (𝑓𝑡𝑑) of 0.21 MPa and the 

shear strength of the masonry at zero compressive stress (𝑓𝑣0) of 0.345 MPa based on [20]. 
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Case study A (Pavia door wall) Case study B Case study C 

   
(a) 

      
(b) 

     
(c) 

  

(d) (e) 

Figure 2: (a) Geometry of the case studies and the configuration of openings, (b) DM-MVLEM, (c) CSM, (d) 

UM models of the case studies, and (e) stress-strain curve of masonry. 
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3 PUSHOVER ANALYSIS 

The pushover analysis was performed by applying the load pattern of the test for the Pavia 

door wall to compare the results with the test results and mass distribution load pattern for the 

other two case studies. The POA results are illustrated in Figure 17 for three case studies 

modeled according to the three aforementioned modeling approaches.  

The Pavia door wall is the first case study, and the POA results show good agreement of the 

CSM and DM-MVLEM with the test results for deriving the pushover curve, as highlighted in 

Figure 3 (a) [20]. However, due to the conservative approach of the UM for calculating 

maximum shear strength by assuming weak connections of spandrels to piers, the pushover 

curve is conservative compared to the test result. For the case study B, with short piers and 

asymmetric opening configurations, pushover curves are close in the elastic phase. However, 

the post-peak behavior of the DM-MVLEM is more conservative than the CSM, see Figure 3 

(b). Since the nonlinear behavior of spandrels was considered in the DM-MVELM, for the case 

study C, the pushover curves of the UM and DM-MVLEM models are close to each other, see 

Figure 3 (c). Nevertheless, the ultimate lateral strength is overestimated for the CSM model. 

 

 

Figure 3: Pushover curves of (a) case study A (with the backbone curve from the test results [20] ), (b) case 

study B, and (c) case study C. 

3.1 Damage pattern prediction 

In order to compare the failure modes occurring in the case studies, the damage patterns for 

the DM-MVLEM and CSM models by performing a monotonic POA are illustrated in Figure 

4. Figure 4 (a) illustrates the damage pattern of the tested wall subjected to the cyclic 

displacements. The damage patterns for the Pavia door wall show that the CSM model cannot 

reflect the combined shear-flexural failure mode, as seen in the test, but this is reflected in the 

DM-MVLEM model, as illustrated in Figure 4 (b). Thus, the diagonal shear failure mode that 

can be seen in the test is not observed in the CSM model. Results from the failure modes 

representation of case study B show that the CSM can reflect the shear failure modes (which 

usually occurs in short piers) in good agreement with the DM-MVLEM as shown in Figure 4 

(b). The failure of the spandrels was critical for case study C due to the presence of weak 

spandrels. Damage to spandrels has been predicted in the DM-MVLEM model but does not 

occur in the CSM due to the assumption of considering linear spandrel elements. Furthermore, 

combined shear-flexural failure modes cannot be defined using the CSM. 
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Figure 4: Damage patterns of the (a) tested wall [20], CSM, and DM-MVLEM models of the (b) case study A, 

(c) case study B, and (d) case study C. 

4 INCREMENTAL DYNAMIC ANALYSIS (IDA) 

For performing the IDA, an equivalent damping ratio of 2% at the first and second modal 

frequencies was considered proportional to the mass and the last committed stiffness matrix [3, 

21]. Twenty-two pairs of far-field seismic records from the FEMA-P 695 guideline [22] were 

chosen, and the IDA was done by increasing the intensity of the records until the target limit 

state. The inter-story drift of 1% was considered for the collapse limit state [23]. 

 The analysis duration and the average values for the models developed based on the methods 

are illustrated in Figure 5. The UM is the fastest method with the lowest computational effort. 

The analysis time of the UM and CSM models is 21% and 7% faster than DM-MVLEM models.  

 

Figure 5: Duration of the IDA analysis of case study developed based on the UM, CSM, and DM-MVLEM. 
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An IDA curve is a diagram of the ground motion intensity measure (IM) against an 

engineering demand parameter (EDP). The IM and EDP are the spectral acceleration 

corresponding to the first mode elastic vibration period of the structure considering 5% of 

damping (Sa (T1, 5%)) and the maximum inter-story drift, respectively [21]. Figure 6 shows the 

result of the IDA of the case studies modeled using the three methods. 

 

          

 

Figure 6: IDA curves of (a) Pavia door wall, (b) case study 2, and (c) case study 3 modeled based on the UM, 

CSM and DM-MVLEM. 
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5 SEISMIC FRAGILITY ANALYSIS 

This study uses a lognormal cumulative distribution function to define a fragility function 

based on Equation (1).  

𝑃[𝐶|𝐼𝑀 = 𝑖𝑚] = 𝛷 [
𝑙𝑛(𝑖𝑚) − 𝜂

𝛽
] 

(1) 

where 𝑃[𝐶|𝐼𝑀 = 𝑖𝑚] is the probability that a ground motion with IM = im will cause the 

structure to collapse. 𝛷() is the standard normal cumulative distribution function, ln() is the 

natural logarithm function, 𝜂 and 𝛽 are the mean and standard deviation, respectively, of the ln( 

im ) values . In order to incorporate the modeling uncertainty in the seismic fragility analysis, 

the 𝛽 value is calculated based on Equation (2), considering both the record-to-record variability 

and the modeling uncertainty [24]. 

𝛽 = √𝛽𝑀
2 + 𝛽𝐷

2  
(2) 

where 𝛽𝐷 is the dispersion associated with uncertainty in demand (record-to-record variability) 

which is calculated as the mean of the ln(im) values and 𝛽𝑀 is the modeling uncertainty. The 

predefined 𝛽𝑀 values represent collapse characteristics, and the accuracy and robustness of the 

models can be derived from [22].  

Considering a medium level for the representation collapse characteristics of the case studies, 

the 𝛽𝑀 values are assigned to each modeling approach based on Table 1. The low level of the 

accuracy was assigned to the UM, due to the cantilever idealization and the simplified 

formulation of the modeling approach. But piers and spandrels were modeled separately based 

on CSM, and different equations were proposed to define the maximum lateral strength. 

Nevertheless, the inelastic behavior of the spandrel elements is ignored, the N-M interaction is 

not taken into account, explicit hysteresis behaviors for different in-plane failure modes are not 

considered and the combined shear-flexural failure modes cannot be predicted using the CSM. 

Hence the medium level of accuracy of the model can be assigned to the CSM. All the 

aforementioned shortcomings of the CSM were modified in the DM-MVLEM, but the N-V 

interaction is not considered during the nonlinear analysis, and the high accuracy level is 

assigned to the DM-MVLEM.  

Table 1: The quality rating of archetype models 

The level of 

accuracy and 

robustness 

High Medium Low 

Description Nonlinear models simulate 

all predominant inelastic 

effects with robust 

computational solution 

algorithms. 

Nonlinear models 

capture most nonlinear 

deterioration and 

response mechanisms 

leading to collapse. 

Nonlinear models capture 

the onset of yielding and 

subsequent strain hardening 

but do not simulate the 

degrading response and 

capture the effects of 

deterioration and 

redistribution. 

𝛽𝑀 0.2 0.35 0.5 
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All the uncertainty values for the models are presented in Table 2 and fragility curves are 

illustrated in Figure 7. The fragility curves derived from the analysis of UM and CSM with the 

higher uncertainty values, as presented in Table 2, are flatter than the curves of the DM-

MVLEM models. The fragility curves of case study A are close to each other without a 

considerable change. For case study B, the results of the fragility analysis of the UM are more 

conservative than the other two approaches. The curves of case study B for the CSM and DM-

MVLEM are close to each other. Moreover, for case study C, the median values of the IM for 

the UM and DM-MVLEM models are close to each other; however, the differences are due to 

the higher level of uncertainty of UM and the IM that causes damage is overestimated for the 

CSM model. Considering the collapse margin ratio of 10% based on [22], UM and CSM are 

considered the most and the least conservative approaches, respectively. The IM values for the 

CSM and DM-MVLEM models are close to each other for the 10% of collapse margin ratio. 

Table 2: Calculated parameters of the fragility curves, including the uncertainty values 

 

Figure 7: Seismic fragility curves of the (a) case study A, (b) case study B, and (c) case study C. 

6 CONCLUSIONS 

- Except for case study C with weak spandrels, the pushover curve of UM models is 

conservative in terms of the ultimate base shear. However, due to neglecting the 

nonlinear behavior in the CSM, the results overestimate the maximum base shear for 

case study C, and the UM results are in good agreement with the DM-MVLEM. 

- Damage patterns cannot be predicted using the UM. Moreover, DM-MVLEM is more 

accurate than the CSM by highlighting the combined flexural-shear failure modes and 

prediction of the failure of spandrels. However, the shear failure modes can be 

Modeling type Name of the case study 𝜂 𝛽𝐷 𝛽𝑀 𝛽 

UM 

Case study A -0.432 0.412 0.5 0.648 

Case study B -1.336 0.51 0.5 0.715 

Case study C -0.423 0.379 0.5 0.627 

CSM 

Case study A -0.229 0.387 0.35 0.522 

Case study B -0.255 0.318 0.35 0.473 

Case study C -0.067 0.406 0.35 0.536 

DM-MVLEM 

Case study A -0.354 0.383 0.2 0.432 

Case study B -0.355 0.32 0.2 0.377 

Case study C -0.515 0.284 0.2 0.347 
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predicted based on the CSM, which usually can be observed in short piers. 

- UM is considered the fastest method for performing IDA with the highest level of 

uncertainty, and DM-MVLEM is the opposite. Results of the IDA were summarized in 

the fragility curves by incorporating the effect of record-to-record variability and 

modeling uncertainty. The fragility curves derived from the UM and CSM are flatter 

than DM-MVLEM due to the higher level of uncertainty. CSM cannot be a robust 

method in case of existing weak spandrels.  
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a b s t r a c t

Seismic vulnerability assessment of historical unreinforced masonry (URM) buildings is crucial for the
authorities due to the high susceptibility of historical URM buildings to earthquakes. Open system
for earthquake engineering simulation (OpenSees) is a well-known, powerful, and versatile seismic
analysis platform. In a lack of a free graphical user interface (GUI) for seismic analysis of URM buildings,
Hyperomet was designed to bridge the gap between nonlinear analysis of URM buildings and OpenSees
platform. The Hyperomet GUI includes an accurate enough macroelement representing the nonlinear
behavior of URM components. The structures can be modeled based on the double-modified multiple
vertical line element model (DM-MVLEM) and the Unified method (UM) using the GUI. Calculators
for deriving the mechanical properties are provided to minimize the modeling time. Furthermore, the
ability to perform various analysis types including incremental dynamic analysis (IDA) is facilitated.
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1. Motivation and significance

Unreinforced masonry (URM) buildings compose a high por-
tion of building typologies in high seismicity zones and historic
areas [1]. Therefore seismic vulnerability assessment of URM
structures is a crucial task for responsible authorities [2]. De-
veloping an integrated resilience assessment platform utilizing
a fast, adapted, and efficient multi-hazard risk assessment tool
has recently gained acceptance for the sustainable reconstruction
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of historic areas [3]. Moreover, simplified modeling approaches
could be necessary tools for the seismic analysis of buildings
for analysts or designers who lack specialized skills [4]. For this
purpose, different simplified analytical methods have been pro-
posed to assess the vulnerability of URM buildings at a large
scale, see [1]. Nevertheless, by developing computer technology
and emerging supercomputers, accurate and fast nonlinear mod-
eling approaches should be utilized for the near real-time (n-RT)
assessment or prediction of seismic risk with a lower level of
uncertainty [4].

Open system for earthquake engineering simulation
(OpenSees) is an open-source finite element framework used
broadly for seismic analyses purposes [5]. Various graphical
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user interfaces (GUI) have been developed to facilitate using the
OpenSees platform and automate the numerical modeling and
analysis procedures [6–14]. Nevertheless, most of the mentioned
GUIs are not free to use for researchers and industry, and there
is still a need to develop an open-source GUI to automate the
numerical modeling and analysis of URM buildings.

As one of the most common modeling approaches, the equiv-
alent frame method (EFM) is used for seismic analysis of URM
buildings with lower computational efforts and input data than
the well-known continuum homogeneous method [15,16]. In
the EFM, URM structural components are modeled via macroele-
ments representing their nonlinear behavior [4].

The unified method (UM) is considered as one of the sim-
plified EFMs for seismic analysis of URM buildings. In the UM
approach, each perforated or unperforated URM wall is modeled
with a single macroelement [17]. The macroelement consists of
a nonlinear shear spring at the middle part that can be modeled
using the twoNodeLink element in OpenSees and two twoN-
odeLink elements at two sides of the wall with an elastic behavior
representing the axial stiffness.

However, the double-modified multiple vertical line element
model (DM-MVLEM) was calibrated based on the experimental
tests and is more accurate method than the UM. MVLEM is an
available macroelement for the simulation of flexure-dominated
reinforced concrete (RC) wall behavior [18,19]. MVLEM elements
underwent modifications to simulate the pure axial–flexural be-
havior of a wall by neglecting the shear behavior [4]. Each
DM-MVLEM comprises two modified MVLEM elements that are
connected with a nonlinear shear spring using the zero-length
element in OpenSees that represents the nonlinear shear behavior
of the segment and more detail of the modeling procedure are
presented in [4]. Each pier or spandrel can be modeled with a
DM-MVLEM and connected with rigid elements to model a per-
forated URM wall [20]. MVLEM element comprises conventional
FEM elements such as truss, beam–column, and spring element.
The MVLEMmacroelement that can be used for nonlinear analysis
of RC walls was assembled using the basic elements and the
macroelement is available in the OpenSees library. However, a
unique macroelement for nonlinear analysis of URM building
is not available in OpenSees library. The available MVLEM el-
ements in OpenSees library can be utilized for modeling the
URM pier elements; however the MVLEM elements cannot be
modeled horizontally to simulate the URM spandrels based on
DM-MVLEM.

Hyperomet is designed, through an EU-sponsored Horizon
2020 project at Oslo Metropolitan University in Norway, to bridge
the gap between the OpenSees users and analysts of URM build-
ings by addressing an efficient modeling approach in a more
effectual process in terms of cost and time. In Hyperomet, model-
ing URM buildings using the UM and DM-MVLEM macroelements
have been automated and eased. Furthermore, various analysis
procedures, including incremental dynamic analysis (IDA) [21,22],
are available to be used efficiently and in an automated way.
Hyperomet can be utilized as a tool for probabilistic seismic
analyses in which a high number of models are required to be
developed, and iterative analyses are needed to be performed.
The tool can be utilized for seismic vulnerability assessment of
existing URM buildings by predicting their behavior subjected to
different seismic records and hazard scenarios. Moreover, the GUI
can be utilized as a simplified and fast tool for n-RT analysis of
cultural heritage assets at a small scale and historic areas at a
large scale.

2. Software description

Hyperomet is a GUI to produce the .tcl format file of the
model and build .tcl format subroutine files for performing vari-
ous types of analysis including pushover analysis and IDA. There-
fore, Hyperomet provides fuel for the OpenSees as the engine for
performing the nonlinear analyses.

2.1. Software architecture

The Hyperomet architecture for the modeling and analysis is
illustrated in Fig. 1. The main steps for the modeling (4 steps) and
analysis (2 steps) parts are highlighted and elaborated below. Due
to high number of variables and complicated equations for defin-
ing the mechanical properties of the elements, various calculators
are provided to reduce the human error. Note that Hyperomet
is only available for 2D modeling in the current version. For the
modeling phase and in step m1, the nodes will be defined by
determining the coordinates in a 2D environment. It should be
mentioned that for the UM approach, three coordinate geometry
values in x-direction are required for modeling a wall. The middle
nodes connect the twoNodeLink element for carrying the shear
force, and two twoNodeLinks elements tolerate the axial loads at
two sides of each wall. The rigid beams will also be modeled auto-
matically to connect the twoNodeLink elements. Moreover, after
defining the geometries of the nodes, the rigid length should be
defined for the DM-MVLEM modeling approach. The numbering
of the nodes and modeling of rigid elements are automatically
created in the software.

In step m2, material properties are defined; the user defines
an alias for each material and fills the corresponding properties’
blanks. In order to facilitate the calculation of the material prop-
erties of the elements, the provided calculators can be utilized.
These calculators can be utilized for defining the maximum shear
strength and initial in-plane stiffness of the URM components and
other features of the trilinear backbone can be derived based on
these two main values as elaborated in [4]. For the UM, calcula-
tors are provided to derive the maximum shear (lateral) strength
of the URMwall based on [17]. Moreover, the complicated process
of calculating the initial in-plane stiffness of perforated URM
walls using the equivalent height method (EHM) is eased [23,24].
The geometry of each pier and the elastic material properties are
the input for calculating the initial in-plane stiffness of each URM
pier section based on the deep beam theory. Afterward the initial
in-plane stiffness of the whole perforated wall will be calculated
based on the stiffnesses of all structural components using the
parallel and series spring rules. More detail about the procedure
of the EHM can be found in [23]. For the DM-MVLEM, the calcula-
tors can derive the elastic stiffness of the nonlinear shear spring
and the maximum shear strength of piers and spandrels based
on the deep beam theory. Note that for calculating the maximum
shear strength of the piers and spandrels, different values for
different damage patterns will be calculated, but the minimum
value should be selected and assigned to the corresponding ma-
terial [4]. The lateral nonlinear shear spring at the middle of
the DM-MVLEM would simulate the shear behavior of the URM
components. The maximum lateral strength of piers due to the
rocking failure mode can be calculated but should be neglected
for the definition of the hysteretic material for the zero-length
elements of the pier elements.

For Step m3, the mass of each node should be assigned. For
this purpose, the user can see the model, choose a specific node,
and assign a mass. Note that for DM-MVLEM, a very small value
should be assigned to the mass of the middle point of the element
due to possible numerical instability for the MVLEM.

Now the elements should be assigned in step m4. For the UM
modeling approach, the user chooses the elements in the GUI
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Fig. 1. Software architecture and the main six steps of the Hyperomet.

and then chooses the predefined material in step m2 and the
corresponding direction. Afterward, the twoNodeLink elements
will automatically be defined and assigned. However, for the DM-
MVLEM approach, this procedure is different, and three sub-steps
are presented. The zero-length elements in the middle of DM-
MVLEM elements are assigned, and DM-MVLEM elements will be
assigned to simulate the piers and spandrel elements. For assign-
ing the zero-length elements to connect the two modified MVLEM
elements, the nodes will be selected, and the suitable material
will be assigned in three directions. Afterward, the DM-MVLEM
elements are assigned by selecting the pier element, defining the
fiber numbers, and assigning the corresponding material prop-
erties that were defined in step m2. For modeling piers, the user
can define a specific location and assign the DM-MVLEM elements
in the Hyperomet GUI which facilitate the modeling procedure
and decrease human errors. As mentioned, the MVLEM elements
cannot be used to model spandrel elements and cannot be placed
in a horizontal direction. Therefore, the MVLEM elements should
be modeled manually and modified to produce the DM_MVLEM
element. In the case of modeling spandrel elements based on
the DM-MVLEM and using the OpenSees framework by writing
the scripts, the nodes should be defined manually for modeling
the MVLEM elements, and rigid link elements should be encoded
to connect the nodes. Furthermore, the twoNodeLink elements
should be modeled to produce the modified MVLEM. However,
the whole procedure for modeling the modified MVELM elements
and connecting them with zero-length at the middle has been
automated. The asymmetry of spandrel elements is taken into
account. This procedure works by defining the number of truss
elements for the upper and lower parts of the elements. Fur-
thermore, the related material will be assigned to the truss and
twoNodeLink elements. Then the model is ready to be generated.
The produced .tcl format file should be checked and modified if
needed.

The .tcl format models should be selected as input for the
analysis sections, and relevant .tcl format subroutine files will
be produced based on the user’s input. The generated subroutine
files will be automatically called inside each model file. Therefore,
the selected analysis will be carried out by opening the .tcl file of
the model. No input is needed for performing the modal analysis,
and the first six natural periods of the structure will be concluded.
For gravity analysis, the nodes and the gravity load should be
defined. The load pattern is defined by determining the displace-
ment values for pushover analysis, and suitable recorders can be
selected to derive the pushover curve. Time history analysis can
be done by mentioning the name of the seismic record file which
must be available in the model folder and other details related
to the seismic record characteristics, such as the number of data
points in each record, time steps, and response spectrum time
history. Note that the record will be multiplied by the gravity of
earth (g) automatically in the subroutine file, and the scale factor
defined by the user is another influential factor. Several features
are provided to ease the IDA as the most demanding analysis type.
The inputs for performing the IDA are divided into 1- limit state
values 2- start and increment acceleration 3- number of analyses
and records 4- damping properties 5- recorders 6- node-height
pairs. In the case of URM, a very little value can be considered
for the collapse slope ratio; it is considered 20% for steel frame
structures based on [25]. For the damping section, the nodes with
mass should be listed to be assigned with the mass-proportional
term of the Rayleigh damping [26]. The stiffness-proportional
term will be automatically applied to the model. The recorders
are helping to evaluate the roof displacement and the base shear
of the structure in every step, and in the last part, one node
for each floor should be selected, and the corresponding height
should be mentioned to let the GUI calculate the inter-story drift
in each step and compare with the limit state.

The hunt & fill algorithm [22] is employed for performing the
IDA to decrease the analysis duration. Three phases should be
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considered: 1- increasing the intensity to reach the collapse, 2-
finding the accurate intensity that the structure reaches collapse
(improving the capacity resolution) 3- going back and filling
the gaps of the first step. The steps in the subroutine file are
presented in the Listing 1 to clarify the code.

Note that the values assigned for each phase can be changed
based on the model type. For instance, the bracket criterion (BC)
for the sufficient resolution of the collapse point in step 2 is
calculated based on:

BC =
Sa,i − Sa,j

Sa,j
(1)

where Sa,i and Sa,j are the values S(T ,5%) of the current and previous
step of the analysis, respectively. The default limit state value is
0.025, which can be changed manually.

Although adaptive time-step, adaptive convergence criteria
and adaptive solution algorithms are the routine of every fi-
nite element software, these features are not available in the
OpenSees framework. In this light various convergence tolerances
are considered for different levels of the analysis. If the analysis is
not converged, the algorithms are tried to decrease the tolerance
step by step to reach the convergence. Furthermore, different
types of solution algorithms available in OpenSees that efficiently
analyze the model are provided in the subroutine files that are
changed automatically until convergence is reached.

2.2. Software functionalities

The main sections of the software are modeling, analysis, and
results and all the functionalities of the GUI are highlighted in

Fig. 2. Note that the modeling section comprises assigning mass
to the nodes, defining material, and assigning elements for the
UM and DM-MVLEM.

In the final section, which is the result tab, the user can
post-process the IDA results to derive the IDA curves. The S(T ,5%)
values and the maximum inter-story drifts and other results for
each step of IDA of a record will be recorded in the text format
files. However, for developing the IDA curves the S(T ,5%) and the
corresponding maximum inter-story should be selected and the
S(T ,5%) values are required to be sorted from the smallest to the
largest. These processes can be automatically performed on the
IDA results to develop the IDA curves.

3. Illustrative examples

A full-scale URM wall was tested at the University of Pavia by
applying prescribed displacement to the first and second floors
with a ratio of 0.65. The details of the case study are presented
in [27]. The assigned material properties are based on [27], while
the modeling steps of the wall using DM-MVLEM are illustrated
in Fig. 3. Pushover analysis was performed when the gravity
loads were applied to the system. Fig. 4(a) depicts the pushover
curve derived from the numerical modeling versus the back-
bone curve of the experimental test result. The results show a
good match between numerical and experimental test results
regarding roof displacement and base shear. Furthermore, IDA
was carried out by applying 44 seismic records of FEMA using
the Hyperomet GUI, and the IDA curves are plotted in Fig. 4(b)
after post-processing the results. More illustrative examples and
details are presented in: https://www.youtube.com/playlist?list=
PLmph2U5TqH1x0zeqYDtsJb9f-QXzuxBg2
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Fig. 2. Hyperomet functionalities that are divided into three main sections: modeling, analysis, and the results.

Fig. 3. The modeling procedure includes (a) defining the rigid elements (b) assigning mass (c) assigning zero-length elements, assigning DM-MVLEM elements to (d)
pier and (e) spandrel elements, and (f) the final model of Pavia door wall using the DM-MVLEM.

4. Impact

Since no predefined macroelement is available in OpenSees
library, developing DM-MVLEM and facilitating the modeling pro-
cedure is essential for researchers and analysts who use this
powerful and versatile platform for nonlinear analysis purposes.
On that account, the GUI can be utilized as a fast and efficient tool
for performing time-consuming probabilistic analysis with a high
number of variables, performing IDA, n-RT analysis, and seismic
analysis at a large scale.

The MVLEM is a predefined macroelement available in the
OpenSees library. The DM-MVLEM consists of two modified
MVLEMs. DM-MVLEM cannot be modeled in OpenSees by con-
necting two modified MVLEMs horizontally, and modified
MVLEMs should be modeled in detail using rigid beam–columns
and truss elements. To tackle this limitation, the modeling pro-
cedure is eased for the spandrels by just defining the geometries
and the properties of truss elements in the Hyperomet GUI.

Furthermore, various calculators for deriving the initial in-
plane stiffness of masonry walls with openings using the EHM,
maximum shear strength of masonry piers and spandrels etc.,
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Fig. 4. (a) Pushover curve versus backbone curve of the test result, and (b) IDA curves of the Pavia door wall.

were provided to decrease uncertainty related to the modeling
of the URM structures.

In Hyperomet, performing IDA is eased by defining the seismic
records and appropriate recorders, and a post-processor is em-
bedded to derive the IDA curves. Furthermore, IDA is automized
since the seismic records are changed and applied, intensities
are increased, solution algorithms are changed, and convergence
tolerances are changed automatically.

Hyperomet can be used by the authorities to improve the
resiliency of the historic areas hosting a large number of URM
buildings to predict the economic impact of future earthquakes
and to define risk mitigation plans. It will also facilitate future re-
search studies on the vulnerability of URM buildings in OpenSees,
including reliability analysis, stochastic analysis, soil–structure
interaction analysis etc., that are demanding and time-consuming
by employing existing commercial finite element software pack-
ages.

5. Conclusions

The main aim of Hyperomet was to allow OpenSees users to
perform various types of nonlinear analysis for vulnerability as-
sessment of URM buildings. The UM and DM-MVLEM approaches,
and many types of analysis were provided in the GUI to facilitate
and automize the assessment procedure. The main features in-
clude but are not limited to 1- providing calculators for defining
the maximum shear strength of elements, 2- providing calcu-
lators to derive the initial in-plane stiffness of perforated URM
walls using the EHM, 3- modeling spandrel elements using DM-
MVLEM, and 4- automatization of IDA and using the hunt &
fill algorithm. The users and authorities can benefit from the
open-source Hyperomet GUI to perform computational demand-
ing nonlinear analyses to improve the resiliency of historic areas
comprising a large number of URM buildings.
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A B S T R A C T   

Vibration-based finite element model (FEM) updating of cultural heritage assets is gaining so 
much attraction these days since destructive tests are usually not allowed to be performed. In this 
study, a framework for developing three-dimensional (3D) FEMs is proposed using 3D laser 
scanners and applied on Slottsfjell tower, a stone masonry tower in Tønsberg, Norway. Opera
tional modal analysis (OMA) was done based on the ambient vibration testing (AVT) data to 
define the frequency values and corresponding mode shapes of the tower. Mechanical properties 
of the tønsbergite stone were utilized to derive the base values of the material properties of the 
homogenized masonry for performing sensitivity analysis and FEM updating. To investigate the 
effect of the soil-structure interaction (SSI) on the FEM updating results, three FEMs are devel
oped. The fixed-base model is the FEM without considering the SSI effects, and two other FEMs 
are developed using the substructure and direct methods for simulating the SSI effects. Sensitivity 
analysis was performed to investigate the effective parameters on the dynamic characteristics of 
the models. FEM updating was conducted on the three FEMs, and results are compared to each 
other to show the role of the SSI on the FEM updating results. The resonance effect can cause 
damages to buildings located even in low seismicity zones. For this aim, the risk of resonance 
effect has been evaluated for the tower. Finally, linear dynamic analysis was performed on the 
three calibrated models, and the results were compared to each other.   

1. Introduction 

Heritage structures are the symbolic representation of ancient engineering, and preservation of the so-called architectural heritage 
is pivotal for every societies [1]. Masonry and timber are considered as the oldest construction materials [2]. The structural behavior of 
masonry structures is strictly tied to the geometrical parameters, material properties, and environmental situation of the location site 
[3,4]. Moreover, providing a robust model called digital twins with a structural behavior similar to the real structure is crucial for a 
structural vulnerability assessment methodology [5]. Various equipment and strategies have been proposed to decrease the un
certainties related to the aforementioned effective parameters on masonry structures and facilitate the assessment and damage 
detection process [1]. 

A geometrical survey is a crucial part of the methodology to develop digital twins of historic structures. Nowadays, 3D laser 
scanners have gained attention in the structural engineering community, and engineers are trying to find optimum solutions for 
obtaining 3D models based on point clouds [6,7]. Various methods have been developed to automatically and semi-automatically 
convert the point clouds to 3D finite element models (FEMs) [8–12]. Obtaining 3D models in computer-aided (CAD) software 
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packages based on the point clouds and converting the 3D model to the 3D FEMs with meshing is a conventional method that is widely 
used nowadays [6,13,14]. 

Soil-structure interaction (SSI) influences the dynamic characteristics of structures that should be considered to provide more 
robust simulation models [15,16]. Considering fixed-based boundary conditions is widely used for analysis and design purposes when 
geotechnical data is not provided [17]. But solutions for considering the SSI effects can be classified into direct and substructure 
approaches [15,18]. In the direct method that is considered as the most accurate modeling approach, soil, foundation, and structure 
are modeled by applying proper boundary conditions [18]. Studies on historical masonry structures using the direct method show the 
significant effects of SSI on their dynamic characteristics and seismic behavior [17,19–22]. In the substructure approach, the SSI is 
simulated using springs and dashpots [18]. Although the substructure approach is efficient in terms of computational efforts and is 
widely used in analyzing compared to the direct method [23], its accuracy has been questioned recently in [24]. 

Material properties are other effective parameters on the dynamic characteristics of the structures. Destructive tests on historical 
structures are usually forbidden due to their values, and non-destructive tests should be utilized [2,14]. Operational modal analysis 
(OMA) of historical masonry towers or minarets based on ambient vibrating testing (AVT) method using accelerometers has gained so 
much attraction recently [25–32]. Calibration of structures based on the OMA results is one of the non-destructive methods to define 
the material properties of historical structures and minimize the differences of the dynamic characteristics of numerical model and 
structure [3,33–39]. Although SSI is significantly effective on the dynamic characteristics of structures, a few studies have been done to 
calibrate the numerical models considering the SSI effects using the substructure method [40–44]. However, there is still a gap in the 
numerical model updating of historical structures so that soil parameters are also updated. Moreover, different types of SSI modeling 
approaches are needed to be considered, including the direct method. 

Calibrated digital twins can be utilized for predicting the vulnerability of structures subjected to various types of risks, including 
earthquake [33,41,45–48]. Masonry structures are susceptible to seismic actions, and seismic risk assessment of historic masonry 
structures is a pivotal task for the authorities [49,50]. Furthermore, experiences of past earthquake events show considerable damage 
due to the resonance effect [51,52]. A building will approach a state of partial resonance when the fundamental period of soil and 
structure have matched each other, and seismic waves will be amplified that result in the increasing of inertial faces acting on the 
structures [53,54]. Therefore, investigating the risk of this phenomenon on existing structures and considering it for designing 
buildings should be taken into account even in low seismicity zones. 

In this paper, a framework for developing simulation-based digital twins of historical structures using 3D laser scanners and ac
celerometers considering the SSI effects is explained. A digital twin of the Slottsfjell tower in the city of Tønsberg in Norway has been 
developed. 3D laser scanners are utilized to facilitate the geometrical survey and the procedure of the conversion of the point clouds to 
the FEM has been discussed. Afterward, AVT was done, and three frequency domain OMA methods were utilized to derive the tower’s 
natural frequencies and mode shapes. SSI effects are considered using both the direct (DM) and substructure (SM) methods, and a 
model with fixed-based (FB) boundary conditions has been developed without considering the SSI effects. The tower was constructed 
by the tønsbergite stone, and mechanical properties of the stone were utilized to derive the base values of the material properties of the 
homogenized masonry for performing sensitivity analysis and the FEM updating. A sensitivity analysis is performed to investigate the 
most effective parameters on the dynamic characteristics of the tower for the three mentioned FEMs and the results are compared to 
each other. FEM updating of the three models was done by updating the SSI parameters, and the results of the updated materials have 

Fig. 1. (a) Location of Tønsberg in Norway, (b) Different views of the Slottsfjell tower, and (c) Geometry of the tower.  
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been compared to each other. After providing the calibrated DM model, the risk of resonance effect has been evaluated. Finally, linear 
time history has been carried out on all three calibrated models and the results are compared to each other. 

2. Overview of the case study 

The Slottsfjell tower is in the city of Tønsberg in the southeastern part of Norway (see Fig. 1(a)). It is centrally located in the ruined 
park from one of the Nordic region’s largest medieval castles. The tower is not older than 150 years and was built to celebrate 1000 
years since the city of Tønsberg was founded in 871. On top of the entrance, it is written the years 871–1871 with the corresponding 
text “May the city that stands on the hill, flourish a thousand new year“ in Norwegian. Fig. 1(b) shows the Slottsfjell tower in different 
views. The tower is made of stone masonry with a square shape which can typically be seen in medieval constructions. The tower has a 
historical value for the county of Vestfold and Telemark because of the region’s identification with the Viking age due to the most 
magnificent burial site from the Viking era in Norway located in that area. The tower’s total height is 21 m, with one basement and 
three stories on top of the soil level. Each story is like a box, and the width of each box is decreased from the basement level to the top 
floor. The geometry of the tower is depicted in Fig. 1(c). 

3. Numerical modeling 

3.1. 3D Geometric documentation 

Totally twenty scans were performed using a Topcon 2000 3D laser scanner inside and outside the tower to provide dense point 
clouds. The raw point clouds of the scans were imported to Autodesk Recap Pro software [55] to be combined, and a unique dense 
point cloud model is provided as depicted in Fig. 2(a), and each circle shows the location of the scans. The 3D point cloud file is 
imported to Autodesk Revit software [56], as illustrated in Fig. 2(b). The 3D model of the tower was provided in the Revit software 
based on the point clouds as presented in Fig. 2(c). 

3.2. Finite element modeling 

A semi-automatic procedure to provide the 3D FEM based on the point clouds data was utilized in this study. After providing the 3D 
model of the tower, the industry foundation classes (IFC) format of the model was exported from the Revit Autodesk software. The CAD 
exchanger software was utilized to convert the IFC format file to the standard for the exchange of product model data (STEP) format, 
which is suitable for importing the 3D solid models in DIANA FEA [57] software to develop the 3D FEM. After importing the STEP file 
to DIANA FEA, several cleaning tools have been chosen to modify the 3D model, including healing the edge inaccuracies, removing 
duplicate surfaces and small entities, etc. 

For 3D finite element modeling of the tower, the homogenized method has been considered by neglecting the discretization of 
masonry units and mortar, which is widely used for modeling full-scale structures [58,59]. This approach needs fewer input data and 
less computational effort than the discrete element method which masonry units and mortar are modeled separately by defining the 
interface elements [4]. 

Fig. 2. (a) Point clouds derived from the 3D laser scanner and position of the scanners during the data acquisition, (b) imported dense 3D point to 
the Revit Autodesk software, and (c) 3D drawing of the tower in the Revit Autodesk software. 
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3.3. Soil-structure interaction modeling 

Three models with three various boundary conditions were developed. For the FB model, the SSI was neglected by employing rigid 
supports in three degrees of freedom beneath the tower, as illustrated in Fig. 3(a). Note that neither soil spring nor rigid supports are 
not modeled around the basement walls, based on [60]. 

The second model (SM) is provided based on the substructure method to consider the SSI by modeling springs beneath the tower, as 
depicted in Fig. 3(b). Based on the Winkler method, springs have stiffness in three directions to support the normal and shear stiffnesses 
[61]. 

The third model (DM) is characterized by modeling the foundation and soil box as the most detailed model in terms of considering 
the SSI effects (see Fig. 3(c)). In this model, the foundation is modeled beneath the tower as a box with a height of 2.5 m based on the 
data provided by the slottsfjell museum. Regarding the dimension of the soil box, the depth and the length should be considered larger 
than 1,5 and 3 times the dimension of the foundation based on [62]. Therefore, the soil box is modeled with the depth and length of 
11 m and 22 m, respectively. Rigid boundary conditions are considered for the bottom of the soil box, but for four side faces of the box, 
roller supports are employed to constrain the displacement in the normal direction of the faces [15,63]. 

The FEMs are developed in the DIANA FEA software and then imported to the FEMtools software [64] for performing future 
analyses. Hexahedron mesh type was chosen for meshing the model, so that hexahedron elements are the dominant choice, and 
tetrahedron and pentahedron mesh elements were used to fill parts of the geometry. The total number of elements of the FB, SM, and 
DM models are 66,676, 66,286, and 93,832, respectively, with a maximum mesh size of 65 cm. 

3.4. Material properties of soil and masonry 

The Slottsfjell tower was constructed using the tønsbergite stone, which is a variant of the Norwegian igneous rock larvikite and the 

Fig. 3. The 3D mesh of (a) FB, (b) SM models, (c) detail of modeling DM model, and (d) 3D mesh of DM model of the tower.  
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larvikite rock is classified as a variant of the monzonite rock [65,66]. Compared to granite, which is more broadly known, monzonite 
has a lower percentage of quartz [67]. The elasticity modulus of the stone unit is considered 61 GPa based on [68], and stiff mortar 
type is considered with an elasticity modulus value of 12 GPa based on [69]. Orthotropic material is considered for masonry, and 
homogenized masonry properties are derived based on an empirical equation presented in [70]. Although the elasticity modules of the 
homogenized masonry derived from the empirical equations are more than the real values since the deformations of the bed joint 
mortar are not considered [70], the value can be utilized for the base value and will be updated through the calibration process. 
Furthermore, the shear modulus of masonry is considered 0.15 times the elasticity modulus based on [36,71]. 

Since no laboratory test has been conducted on the soil properties, hard soil properties based on the field investigation and the 
properties are selected based on [15]. Normal subgrade reaction factor of the boundary condition of the SM is calculated based on the 
simplified Vesic model [72] and Eq. (1). 

Kz =
Es

B.(1 − νs
2)

(1)  

Where Es and νs are the elasticity modulus, and the Poisson’s ratio of soil, respectively, and B is the foundation length. Furthermore, the 
shear stiffnesses (Kx and Ky) are considered 0.01 times of the normal stiffness [73,74]. All material properties and spring reaction 
factors are summarized in Table 1, which are utilized for the sensitivity analysis and the base values for the model updating in the next 
sections. It should be noted that as a limitation of this model, the effect of foundation interaction is neglected. Moreover, the springs 
have the same stiffness in different locations beneath the tower, which is not realistic considering the non-homogeneous behavior of 
soil and foundation. Orthotropic material was considered for the soil media of the DM model with mechanical properties of the hard 
soil [15] as presented in Table 1. 

4. Sensitivity analysis on the effects of material properties 

To have a better understanding of the effective parameters on the dynamic characteristics of the tower, a sensitivity analysis was 
done. The tower is discretized into different sets, as illustrated in Fig. 4. The same set names based on the order of the sections that 
appeared in Fig. 4 for the first floor (sets 2–6) were considered for the sets of the second and the third floor. For the DM model, the soil 
and foundation are discretized into eight and four sections, respectively. The soil box is halved in all dimensions to be discretized to 
eight sets, and the foundation is divided into four equal sets in plan view. Elasticity modulus and shear modulus of different sets of 
masonry in three directions are considered the parameters. Their influence is investigated on the first five natural frequency values of 
the three developed models of the tower. 

Fig. 5 depicts the sensitivity graphs of the elasticity modulus for the three developed models. It can be concluded that Ez is the most 
effective parameter that mostly influences the first two natural frequencies. Moreover, higher sensitivities are related to the first-floor 
elements compared to other floors. The graphs also show that the changes in elasticity modulus of the foundation and soil sets have less 
effect on the frequencies than the masonry material properties. 

Based on the sensitivity graph of the shear modulus presented in Fig. 6, Gxy is the least effective parameter, and responses are more 
sensitive to Gyz and Gxz. Sensitivity values are highest for the first-floor sets and lowest for the third-floor sets. Unlike the elasticity 
modulus, it should be noted that the shear modulus is effective on higher modes. The graphs also show that the changes in shear 
modulus of the foundation and soil sets have negligible effects on the frequencies compared to the masonry material properties. 

A sensitivity analysis is performed to investigate the effect of spring stiffnesses of the SM model’s boundary conditions, and the 
graph is illustrated in Fig. 7. Kz is the most effective parameter that affects more on the first two modes’ frequencies, and the torsional 
mode is highly sensitive to Kx. By comparing the normalized sensitivity values of the sensitivity graph illustrated in Fig. 7, with other 
parameters’ sensitivity values presented in previous graphs, it can be pointed out that the SM model is more sensitive to springs’ 
stiffnesses values than the masonry properties. 

Table 1 
Material properties of the homogenized stone masonry of the tower, soil, normal and shear reaction factors of boundary con
ditions of the SM model.  

Material Properties Value 

Masonry Density (kg/m3) 2800 
Elasticity modulus in X, Y and Z directions (Ex,Ey,Ez) (GPa) 40 
Shear modulus in XY, YZ and ZY directions (Gxy,Gyz,Gzy) (GPa) 6 
Poisson ratio in XY, YZ and ZY directions (uxy, uyz, uzy) 0.25 

Soil Density (kg/m3) 2000 
Ex,Ey,Ez (GPa) 6 
Gxy,Gyz,Gzy (GPa) 0.9 
uxy, uyz, uzy 0.3 

Spring Normal reaction factor (Kz) (GPa/m) 51.2 
Shear reaction factor (Kx,Ky) (GPa/m) 0.512  
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5. System identification 

5.1. Ambient vibration testing 

Ambient vibration testing was performed using 3-Axis MEMS digital Unquake accelerometers with a sampling rate of 250 Hz. 
Compared to the more sensitive piezoelectric accelerometers, lower cost and power consumption are two main characteristics of 
MEMS accelerometers [1,47]. However, the reliability of the OMA results of various low-cost MEMS accelerometers was confirmed 
with low error values compared to the low-noise piezoelectric accelerometers [75]. 

The accelerometers’ locations have been decided based on engineering judgment and previous studies [3,36], as depicted in Fig. 8 
(a). The accelerometers are equipped with the global positioning system (GPS) antenna and a global navigation satellite system (GNSS) 
receiver. GPS data were used to record the time and synchronize all the data from the accelerometers based on the recorded time. Fig. 8 
(b) shows the test setup, and Fig. 8(c) shows a sample of an acceleration graph derived from an accelerometer. 

Fig. 4. The different sets of the tower and their corresponding names.  

Fig. 5. Sensitivity graphs to a change in elasticity modulus for the (a) FB, (b) SM, and (c) DM models.  

Fig. 6. Sensitivity graphs to a change in shear modulus for the (a) FB, (b) SM, and c) DM models.  
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5.2. Operational modal analysis 

A preliminary analysis has been done by performing Fast Fourier Transform (FFT) on single sensor measurements in [76]. For 
confirming the results, frequency domain methods are utilized to investigate the dynamic characteristics of the tower based on the 
distributed sensor network measurements. Frequency Domain Decomposition (FDD), Enhanced Frequency Domain Decomposition 
(EFDD), and Curve-Fitted Enhanced Frequency Domain Decomposition (CFDD) methods are three frequency-domain methods that 
were utilized to derive the natural frequencies and corresponding mode shapes of the tower. The idea of FDD method is to carry out an 
approximate decomposition of a system response into a set of independent single-degree-of-freedom systems for each mode. First, the 

Fig. 7. Sensitivity graph to a change in spring stiffnesses of the SM model.  

Fig. 8. (a) Locations of the accelerometers [66], (b) test setup including the accelerometer (in blue circle) and datalogger (in yellow circle), and (c) 
sample of an acceleration graph derived from an accelerometer. 
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spectral density matrices are estimated. Singular value decomposition of the spectral density matrices is done, and finally, the peak 
pick on the average singular values will be performed to derive the modal parameters [77,78]. EFDD and CFDD are the improved 
versions of the FDD method that damping ratio estimation is available, and the accuracy of the dynamic characteristics is enhanced. In 
EFDD, the FDD peak picking is extended with a simple time domain least squares estimation technique, and in CFDD, the extension 
relies on a frequency domain least squares estimation technique [79,80]. Artemis Modal software was utilized to perform the oper
ational modal analysis [81]. The differences between the values of the natural frequencies are negligible (less than 0.3%); moreover, 
the mode shapes are equal. Therefore, the singular value decomposition (SVD) graph of the FDD method is reported in Fig. 9(a), and 
the five first peaks of the graph were selected to represent the first five modes of the tower. Mode shapes and corresponding frequency 
values of the first five modes of the tower are illustrated in Fig. 9(b). All modes are flexural except the third mode, which is a torsional 
mode. 

6. Finite element model updating 

After performing sensitivity analysis to understand the effect of material properties on the dynamic characteristics of the tower and 
performing system identification to derive the first five natural frequencies and mode shapes of the real structure, the FEM updating is 
the last step to develop the digital twins. 

The objective of model updating is to adjust the selected parameters’ values so that a reference correlation coefficient is minimized. 
The weighted absolute relative difference between resonance frequencies and the weighted difference between target and average 
actual modal assurance criteria (MAC) are two correlation coefficients that are considered through the FEM updating procedure. MAC 
value is a measure of the squared cosine of the angle between two modes shapes that is derived based on Eq. (2). 

Fig. 9. (a) SVD graph of the FDD method, and (b) mode shapes and corresponding frequencies of the tower based on the OMA results.  
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MAC(ψa,ψe) =

⃒
⃒
(
{ψa}

t
{ψe})

⃒
⃒2

({ψa}
t
{ψa})({ψe}

t
{ψe})

(2)  

Where ψe and ψa are respectively the experimental and analytical eigenvectors. Bayesian parameter estimation by minimizing a 
weighted error as presented in Eq. (3) is utilized for FEM updating in the FEMtools software package. 

E = {ΔR}t
[CR]{ΔR}+ {ΔP}t

[CP]{ΔP} (3)  

Where ΔR is a difference between a vector containing the reference and predicted system responses, ΔP is a difference between a vector 
containing the given state and predicted system parameters, CR and CP represent weighting matrices expressing the confidence in the 
model responses and parameters respectively. 

FEM updating was done on the FB model, and absolute differences of frequency values (ADFV) derived from the OMA and FEA are 
presented for the first five modes of the model in Table 2. A good correlation between the frequency values of the first two modes is 
reached after the updating process, but the differences for the other modes are high. Moreover, MAC values and a 3D plot are presented 
in Fig. 10 (a) and (b), respectively. MAC values show the same correlations for the first two modes, but the differences of the higher 
modes are significant. Based on the MAC value matrix in Fig. 10 (a), modes 4 and 5 of FEA are paired to modes 5 and 4, respectively. 
However, since the modes are not in sequence based on the frequency values, this correlation is not accepted, and diagonal MAC values 
should be considered for the pairing modes. Fig. 10 (c) shows the paired mode shapes of the first three modes to show the correlation 
between the mode shapes derived from the FEA and the OMA after model updating. 

FEM updating of the SM model was performed by calibrating the masonry and the boundary condition spring stiffnesses. Based on  
Table 3, frequency values of the first three modes are close enough, but ADFVs more than 5% can be seen for the other modes. 
Moreover, all mode shapes are paired with MAC values of more than 65% based on Fig. 11. 

FEM updating of the DM model was done by calibrating the masonry, foundation, and soil material properties. Based on Table 4, 
differences between the frequencies’ values are negligible, with values less than 3%. Moreover, based on Fig. 12 (a) and (b), MAC 
values of more than 65% depicts that mode shapes from FEA follow the OMA mode shapes, and lower values for the off-diagonal MAC 
matrix show a good correlation of the modes shapes and Fig. 12 (c) also approves the good correlation of the mode shapes. 

6.1. Comparison of updating results 

To compare the calibration results for the three FEMs, the average values of ADFVs are presented in Fig. 13 (a). Moreover, MAC 
values of the first five modes (corners of the diagram) are depicted in Fig. 13 (b) for the three developed and updated FEMs. Based on 
Fig. 13 (a), The average ADFVs are decreased by considering the SSI effect in the numerical models, and the DM model is considered as 
the most robust model with an average ADFV of 1.6%. 

This claim is also approved based on Fig. 13 (b) since higher MAC values are derived from the models that SSI effects are 
considered. Furthermore, the DM model is considered as the closest updated model to the test in terms of the mode shapes. The MAC 
values of the first two modes do not change considerably for the FB and SM models, but the MAC values of the higher modes are 
increased in the SM model. Moreover, in the DM model compared to the SM model, MAC values of the first modes are improved, but no 
significant improvement is reached for other modes. 

6.2. Comparison of updated material properties 

In order to compare the material properties of the updated models, Ez is the most effective parameter on the first two natural 
frequencies, Gxz and Gyz are effective parameters on higher modes that are chosen based on the performed sensitivity analysis. Fig. 14 
shows the average values of the parameters for each floor that is presented for the three models. The changes in material properties in 
different floors for the FB model are not as significant as the other two models. Furthermore, based on Fig. 14 (a), in both models with 
SSI effects, Ez of the second floor has a lower value compared to the other two floors. Based on Fig. 14 (b) and (c), the shear modulus of 
the second floor is more than two other floors in the DM model, but it is not reported in two other models. Except for the Ez of the 
second floor and the SM model, other updated material properties for the models with SSI effects are more than the FB model. 
Therefore, in terms of linear material properties effective on the structural stiffness, calibrated results of the FB model are conservative 
with lower values. 

Updated values for the spring stiffnesses of the boundary condition of the SM model and average values of the selected material 

Table 2 
OMA and FEA natural frequencies and ADFVs for the first five modes of the FB model.  

Modes OMA frequencies (fe)  FEA frequencies (fa)  ADFV (%)  

1 5.778 5.757 0.365  
2 6.063 6.009 0.899  
3 13.428 10.964 22.473  
4 15.747 17.513 10.084  
5 16.398 18.165 9.727  
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properties of the soil and foundation are presented in Table 5. The normal reaction factor of the soil-foundation is increased, but the 
shear values for all to directions are decreased after the calibration process in the SM model. For the DM model, no significant change 
can be seen for the foundation and soil compared to the changes of the spring stiffnesses in the SM model. 

7. Resonance effect and dynamic analysis 

In this section, firstly, the resonance effect has been evaluated for the tower based on the calibrated DM model. Moreover, a code 
equation has confirmed the results from the modal analysis of the soil media in the DM model. Afterward, time history analysis was 
performed on the three calibrated models by applying two seismic records, and the results were compared. 

Fig. 10. (a) MAC matrix, (b) 3D MAC plot, and (c) mode shape pairing of the first three modes of the FB model after model updating.  

Table 3 
OMA and FEA natural frequencies and ADFVs for the first five modes of the SM model.  

Modes OMA frequencies (fe)  FEA frequencies (fa)  ADFV (%)  

1 5.778 6.065  4.963  
2 6.063 6.11  0.774  
3 13.428 13.661  1.738  
4 15.747 16.816  6.789  
5 16.398 17.61  7.398  
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7.1. Resonance effect 

The fundamental period of the soil box of the calibrated DM model is 0.044 s based on the modal analysis. In order to confirm the 
result of the modal analysis of the FEM, the fundamental period of the soil box was calculated using Eq. (4) presented by SHAKE code 
[82]. 

T =
4SLT

(2n − 1)Vs
(4) 

Fig. 11. (a) MAC matrix, (b) 3D MAC plot, and (c) mode shape pairing of the first five modes of the SM model after model updating.  

Table 4 
OMA and FEA natural frequencies and ADFVs for the first five modes of the DM model.  

Modes OMA frequencies (fe)  FEA frequencies (fa)  ADFV (%)  

1 5.778 5.838  1.05  
2 6.063 6.123  0.99  
3 13.428 13.53  0.76  
4 15.747 16.22  3  
5 16.398 16.773  2.29  
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Where T is the fundamental period of soil, SLT is the soil layer thickness above the bedrock, n is the mode number and Vs is the soil 
shear wave velocity. 

Considering 11 m for SLT based on the model assumption, and 1000 m
s for the Vs as suggested in [21], for hard soil, 0.044 s is 

calculated as the fundamental period (n = 1) and confirms the results from the finite element analysis. However, natural period of the 
tower is more than three times the fundamental period of soil. Therefore, the resonance effect cannot influence the tower structural 

Fig. 12. (a) MAC matrix, (b) 3D MAC plot, and (c) mode shape pairing of the first five modes of the DM model after model updating.  
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behavior subjected to vibrations. 

7.2. Time history analysis 

Tønsberg is located in a low seismicity zone with peak ground acceleration (PGA) of 0.02–0.03 g, as illustrated in the seismic hazard 
map [83], in Fig. 15 (a). However, in order to perform a comparative study on the structural response of the calibrated models 
subjected to seismic excitations, linear time history analysis was carried out by applying two far-field seismic records in the X direction. 
Fig. 15 (b) and (c) shows the acceleration versus time plots of Manjil and Northridge seismic records that have been chosen from the 
PEER strong ground motions database [84], and detail about them are provided in Table 6. 

Rayleigh damping coefficients were computed considering 5% damping ratio for the first and third modes of vibration [85]. For the 
DM model, mass and stiffness damping coefficients of hard soil are 3.92 1

s and 0.00047 s based on [21]. The results of top 

Fig. 13. (a) Average values of the ADFVs, and (b) MAC values for the first five modes of the three developed models.  

Fig. 14. Updated values of the three developed FEMs presented for three floors: (a) Ez, (b) Gxz, and (c) Gyz.  
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Table 5 
Base and updated values of soil parameters in SM and DM models.  

Model name Parameter Base value Updated value 

SM (GPa/m) Kx 0.512 0.15 
Ky 0.512 0.15 
Kz 51. 2 114 

DM (foundation in GPa) Ez 40 41.1 
Gxz 6 5.97 
Gyz 6 5.61 

DM (soil in GPa) Ez 6 5.4 
Gxz 0.9 1.05 
Gyz 0.9 0.63  

Fig. 15. (a) Seismic hazard map of southern Norway cities including Tønsberg [83], and acceleration versus time plots of (b) Manjil and (c) 
Northridge seismic records [84]. 

Table 6 
Detail of the Manjil and Northridge seismic records [84].  

Event Station Year Magnitude Duration (s) Time step (s) PGA (g) Arias intensity (
m
s
)  

Manjil Abbar  1990  7.37  45.96  0.02  0.49687  7.5 
Northridge Beverly Hills  1994  6.69  29.99  0.01  0.416  4.5  
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displacement versus time of the three models are presented in Fig. 16 (a) and (b) for Manjil and Northridge records, respectively. 
Furthermore, to facilitate the comparison, maximum top displacement values of all models are presented in Fig. 16 (c) for both records. 
Negligible differences can be detected and differences between the maximum top displacement (less than 10%). As it is shown in 
Fig. 16 (c), maximum inter-story drift ratios (IDR) of the DM model subjected to both records are more than other models. Therefore, 
FB and SM models show more conservative results in terms of IDR, which is a parameter for defining structural safety. IDR of 0.13% is 
considered for light damage, which is the first limit state for stone and brick masonry buildings based on [86]. The maximum IDR 
values of the tower for both analyzes are less than 0.13% which can confirm the tower passed the acceptability check and did not 
satisfy the failure criteria. 

Fig. 16. Top displacement versus time plot for (a) Manjil, and (b) Northridge seismic records’ analyses, (c) top displacement and (c) maximum IDR 
values of the models for two seismic records’ analyses. 
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8. Conclusion 

A framework for developing digital twins of the cultural heritage assets is proposed using 3D laser scanners and accelerometer 
sensors, and its application is investigated on a case study called Slottsfjell tower in Tønsberg, Norway. Geometrical survey of the tower 
was conducted using 3D laser scanners and a semi-automatic procedure for converting the point clouds to the FEM is presented in this 
study. Afterward, system identification of the tower was carried out by performing AVT and OMA. Three different frequency domain 
OMA techniques were utilized to define the natural frequencies and corresponding mode shapes of the tower. Since destructive tests 
are not allowed on cultural heritage assets, vibration-based FEM updating is done to investigate the material properties of different 
parts of the tower. Mechanical properties of the tønsbergite stone were utilized to derive the base values of the material properties of 
the homogenized masonry for performing the FEM updating. To investigate the influence of the SSI on the FEM updating results, three 
FEMs were developed. In the FB model, the SSI was neglected by considering rigid boundary conditions, the SM model was developed 
by modeling triaxial springs beneath the structure and the DM model was generated by modeling the foundation and soil box using the 
direct method. Firstly, a sensitivity analysis was performed on the three developed FEMs so that Ez, Gxz, Gyz are the most effective 
parameters effective on the frequency values. Unlike Ez, which is effective on the first two modes, Gxz and Gyz are effective on higher 
modes. Properties of soil are not as effective as the masonry properties in the DM model, but in the SM model, soil spring stiffnesses are 
considered as the most effective parameters. After performing FEM updating of the models, ADFVs and MAC values show that the FB 
model is paired with the test results on the first two modes. By considering the SSI effects in the SM model, the ADFVs and MAC values 
enhanced for the higher modes, and in the DM model as the most detailed model, the correlation is improved. The DM model is 
considered as the closest model to the real structure in terms of the frequency values and mode shapes. Moreover, it is investigated that 
updated material properties of the FB model are conservative compared to the other two models that SSI effects are considered. 
Fundamental periods of soil and structure are computed for the DM model separately that are not close to each other. It confirms that 
the tower is not at the risk of resonance effect. Furthermore, linear time history analyses were carried out by applying two strong 
ground motions. The results show negligible differences in term of the top displacement, but the maximum IDR values of DM model are 
more than the other two models. Although, it is tried to calibrate the models based on the OMA results, and the updated material 
properties of the FB model are conservative, the larger values of maximum IDR are concluded from dynamic analyses of DM model. SSI 
is effective on the dynamic response of structures that can facilitate the FEM updating procedure to obtain reliable enough FEMs for 
performing vulnerability assessments. Nonlinear time history analyses using various seismic records with different characteristics as 
well as performing in-situ tests on soil layers’ material properties are still needed to be done to evaluate the reliability of various SSI 
modeling approaches. 
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[45] S. Gönen, S. Soyöz, Seismic analysis of a masonry arch bridge using multiple methodologies, Eng. Struct. 226 (2021), 111354, https://doi.org/10.1016/j. 
engstruct.2020.111354. 

[46] K. Demirlioglu, S. Gonen, S. Soyoz, M.P. Limongelli, In-plane seismic response analyses of a historical brick masonry building using equivalent frame and 3D 
FEM modeling approaches, Int. J. Archit. Herit. 14 (2) (2020) 238–256, https://doi.org/10.1080/15583058.2018.1529208. 
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[71] P. Croce, M.L. Beconcini, P. Formichi, P. Cioni, F. Landi, C. Mochi, F. De Lellis, E. Mariotti, I. Serra, Shear modulus of masonry walls: a critical review, Procedia 

Struct. Integr. 11 (2018) 339–346, https://doi.org/10.1016/j.prostr.2018.11.044. 
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Abstract 

Since destructive tests are not allowed for historical structures, numerical model updating using accelerometers has gained a lot of 
attraction in the last decade. Furthermore, another application of structural health monitoring is damage detection for near-real-
time monitoring of cultural heritage assets of infrastructures such as masonry bridges. However, high cost is the main problem that 
discourages the use of large-scale structural health monitoring systems, and a modal pretest analysis is required to plan and optimize 
the modal tests procedure. For this purpose, various optimal sensor placement (OSP) techniques have been developed to derive the 
operational modal analysis results with a minimum number of sensors, leading to a lower cost. In this study, various OSP techniques 
have been applied to optimize sensor placement in two selected case studies. The first case study is a two-span masonry arch bridge 
in Rhodes, Greece and the second is a stone masonry tower located in Tønsberg, Norway. Baseline finite element models were 
developed before performing the ambient vibration tests and model updating process. The optimum sensor locations were detected 
using various techniques, and a comparative study was conducted on the results. Furthermore, the effect of considering soil-
structure interaction on the OSP results was investigated. 
 
© 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of 23 European Conference on Fracture - ECF23 
Keywords: Optimal sensor placement; Structural health monitoring; Historical masonry structures. 

1. Introduction 

Conservation of cultural heritage assets is crucial for every nation not only due to their spiritual point of view but 
also for their importance as tourist attractions that influence the economic growth of countries, as highlighted by 
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Abstract 

Since destructive tests are not allowed for historical structures, numerical model updating using accelerometers has gained a lot of 
attraction in the last decade. Furthermore, another application of structural health monitoring is damage detection for near-real-
time monitoring of cultural heritage assets of infrastructures such as masonry bridges. However, high cost is the main problem that 
discourages the use of large-scale structural health monitoring systems, and a modal pretest analysis is required to plan and optimize 
the modal tests procedure. For this purpose, various optimal sensor placement (OSP) techniques have been developed to derive the 
operational modal analysis results with a minimum number of sensors, leading to a lower cost. In this study, various OSP techniques 
have been applied to optimize sensor placement in two selected case studies. The first case study is a two-span masonry arch bridge 
in Rhodes, Greece and the second is a stone masonry tower located in Tønsberg, Norway. Baseline finite element models were 
developed before performing the ambient vibration tests and model updating process. The optimum sensor locations were detected 
using various techniques, and a comparative study was conducted on the results. Furthermore, the effect of considering soil-
structure interaction on the OSP results was investigated. 
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1. Introduction 

Conservation of cultural heritage assets is crucial for every nation not only due to their spiritual point of view but 
also for their importance as tourist attractions that influence the economic growth of countries, as highlighted by 
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Shabani et al. (2020). However, irreparable loss of cultural heritage assets because of man-made and natural hazards 
has been warned by the international organizations involved in the preservation of cultural heritage assets, based on 
Valagussa et al. (2021). Fig. 1 illustrates the UNESCO cultural heritage sites map of the European countries and the 
seismic, landslide and active volcanoes hazard maps. The concentration of cultural heritage assets in high seismicity 
zones with high susceptibility to landslide and active volcanoes risks can be concluded, especially in southern 
European countries.  

     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. (a) The UNESCO cultural heritage sites map (adapted from https://whc.unesco.org/), (b) seismic hazard map developed by Danciu et al. 
(2021), (c) landslide susceptibility map presented by Günther, Van Den Eeckhaut, et al. (2014) and (d) hazard map of volcanoes presented by 

Günther, Hervás, et al. (2014). 

Various methodologies have been developed and applied for the vulnerability assessment and conservation of 
architectural heritages, as highlighted by Shabani, Kioumarsi, et al. (2021), and Shabani, Alinejad, et al. (2021). 
Destructive tests are not allowed to be employed for investigating the mechanical properties of historic structures. 
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Therefore, structural health monitoring and damage detection using accelerometer sensors can be one of the most 
reliable methods for either predicting the vulnerability or near-real-time assessment of historical structures as 
presented by Angjeliu et al. (2020). Furthermore, material properties can be defined by calibrating the FEMs based 
on the operational modal analysis (OMA) results which are based on ambient vibration testing (AVT) using 
accelerometers as elaborated by Pallarés et al. (2021). However, the cost of sensors is one of the main limitations of 
these methods. To tackle this limitation, various optimal sensor placement (OSP) methods have been proposed for 
detecting the best location of the limited number of sensors before performing the tests to derive the dynamic 
characteristics of structures such as mode shapes as presented in Tan & Zhang (2020). In recent decades, there have 
been many contributions in this area. Fig. 2 shows the evolution of the number of journal papers related to the OSP 
topic, structural health monitoring, and damage detection topics using the Scopus database. However, the application 
of the OSP methods to historical structures with complex architecture should be investigated. 

 

Fig. 2. The number of journal papers related to the OSP and structural health monitoring using the Scopus database.  

In this paper, a stone masonry tower and a stone masonry arch bridge were chosen to be studied as two 
representations of historical structures. The application of five OSP methods to the selected case studies has been 
investigated. In the first step, finite element models of the case studies were developed, and the initial material 
properties were assigned. Afterward, the OSP analyses were carried out, and the results of different methods were 
compared. In addition, the effect of soil-structure interaction was taken into account for the tower, and the results of 
the OSP methods were compared to the results of the models with rigid boundary conditions.  

2. OSP methods and acceptance criterion 

OSP methods can be categorized into two main groups as presented in Fig. 3, which are sensor placement metrices 
and sensor elimination methods. Each method in Fig. 3 was chosen to be applied to the case studies and presented in 
this section. 

Sensor placement methods are based on sensor placement metrices to detect the candidate sensors. Normalized 
modal displacement (NMD) is based on the observability of target modes using the information on weighted modal 
displacement. Although various types of modal displacements can be utilized, the weighted modal displacement was 
chosen as prescribed by FEMtools (2021). In the Normalized kinetic (NKE) method, the distribution of the kinetic 
energy for a particular mode is considered the metric for detecting the locations with large modal participation.  

The main aim of the sensor elimination methods is to reduce the sensors from the first candidates and investigate 
the effect of elimination criteria. The Effective independence method (EIM) uses linear independence of mode shapes 
as an elimination criterion by avoiding the singularity of the Fisher information matrix based on Demirlioglu et al. 
(2023). The modal assurance criterion (MAC) is commonly utilized to compare the mode shape by calculating the 
squared cosine of the angle between two mode shapes. The main goal of the sensor elimination using MAC (SEMAC) 
method sensor elimination process is to minimize the off-diagonal terms of the MAC matrix. The idea of the iterative 
Guyan reduction (IGR) method is to eliminate the degree of freedom with small mass-to-stiffness ratios from the 
model by computing the reduced mass and stiffness matrices based on Ostachowicz et al. (2019). 
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Although sensor placement metrices methods are computationally efficient, the linear independence is not 
investigated and can be checked based on the MAC matrix. Unlike sensor placement metrices methods, linear 
independence, which is important for distinguishing each mode from others, is taken into account in the sensor 
elimination methods. Various acceptance criteria have been suggested to investigate the quality of the OSP methods 
as described by Tan & Zhang (2020). MAC matrix is one of the acceptance criteria to investigate the observability of 
the modes and their independence. MAC matrix criterion is commonly used for mechanical and structural applications, 
which is utilized as the criterion in this study. There is no standard for this criterion, but the off-diagonal terms of the 
MAC matrix should be less than 40% suggested by FEMtools (2021).  

 
Fig. 3. Different OSP methods and their classification. 

 
3. Case studies 

Historical structures are known to be complex in terms of architecture, as mentioned by Miccoli et al. (2021). 
Masonry arch bridges and masonry towers are two conventional types of historical structures together with mosques, 
churches, monasteries, and aqueducts. In this section, the OSP methods were applied to a masonry arch bridge and a 
masonry tower. For the OSP analysis, seven uniaxial accelerometers were taken into account for both case studies. 

3.1. Stone Masonry Bridge (Roman Bridge) 

The Roman bridge (see Fig. 4.) is on Rhodes Island in Greece and is dated back to the Roman period. The structure 
is under service load, but extensive damages can be seen under the arches. Although temporary timber scaffolds were 
installed, a strengthening strategy should be decided to avoid future damages due to the car and truck loads and the 
possible seismic loads. The Roman bridge is a stone masonry bridge with two arches. The radius of the arches and the 
widths are 3.2 m and 8.4 m, respectively. 3D models of the structure were provided using the areal images (drones) 
and ground images (cameras) together with 3D laser scanners. In addition, 3D finite element models were developed 
as elaborated by Shabani, Skamantzari, et al. (2022). The bridge was made of Sfoggaria stone; the mechanical 
properties of the homogenized masonry were derived based on the mechanical properties of the stone presented by 
Psycharis et al. (2019) and the equations by Ghiassi et al. (2019). Furthermore, the material properties of the backfill 
soil were considered, as stated by Forgács et al. (2020).  

Modal analyses of the initial finite element model reveal that the first, third and fourth modes are in the transverse 
(Y) direction, the second mode is in the longitudinal (X) direction, and the fifth mode is in the vertical (Z) direction 
of the bridge. Since the bridge was under the service load, installing sensors on the way is not permitted. Therefore, 
two sides of the bridge were selected, and OSP analyses were performed. The MAC matrices as well as the sensor 
locations and their directions, are illustrated in Fig. 4. The results revealed that sensor placement metrices methods 
are not robust enough to detect the best locations by considering the MAC as a criterion. However, the off-diagonal 
members of the MAC matrices of the sensor elimination methods are less than 40%. The typical location in the sensor 
configurations is in the middle of the spandrel wall between the arches. Furthermore, the second most essential 



	 Amirhosein Shabani  et al. / Procedia Structural Integrity 42 (2022) 147–154� 151
 Amirhosein Shabani et al. / Structural Integrity Procedia 00 (2019) 000–000  5 

locations are the top of the arches. Based on the results from the EIM and considering the effect of kinetic energy and 
normal modal displacements concluded from the NKE and NMD, the locations on top of the arches which are closer 
to the sides of the bridge should be taken into account. Therefore, installing sensors in two configurations with a 
reference sensor for covering these locations is recommended. 

 
Fig. 4. The results of the OSP of the masonry arch bridge (the Roman bridge), including the MAC matrices and the prescribed locations. 

3.2. Stone Masonry Tower (Slottsfjell Tower) 

Slottsfjell is a three-story tower with a basement floor in Tønsberg, Norway. The tower (see Fig. 5 (a)) was dated 
back to 1888 on top of a rocky hill and in the area of a ruined historical castle called Tunsbergis. Fig. 5 (b) illustrates 
the model of the Tunsbergus castle, which was the largest castle in Norway in the 14th century and was destroyed in 
1503 based on Norli (2021). The 3D finite element mesh of the tower was developed using 3D laser scanners, and 
details about the procedure are elaborated by Shabani, Ademi, et al. (2022). In order to investigate the effect of 
boundary conditions on the dynamic characteristics, as was highlighted by Salehi & Erduran (2022), two models were 
developed, which are the fixed base model (FB) and the model, by considering the effect of soil-structure interaction 
(SSI) as depicted in Fig. 5 (c) and (d), respectively. In the SSI model, the direct method has been utilized by modeling 
the foundation and the soil box, as elaborated by Shabani, Feyzabadi, et al. (2022). The first and the second modes of 
both models are transversal in X and Y directions, the third mode is the torsional mode, and the fourth and fifth modes 
are transversal in X and Y directions, respectively. 
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Fig. 5. (a) Slottsfjell Tower in Tønsberg (b) old Tunsberghus fortress based on Norli (2021), 3D FEM of (c) fixed-base model and (d) the model 
with considering SSI. 

The edges of the inner sides of each floor, including the roof, were selected as the optimized candidates for 
installing seven sensors to perform the OSP analysis. Fig. 6 shows the optimum sensor configurations and the MAC 
matrix for each OSP method applied to the FB model. Results depict that the sensor elimination methods except for 
the EIM are robust enough to detect the best locations by considering the MAC as a criterion. The roof has allocated 
the largest number of sensor locations, and all methods prescribe installing sensors neither on the first floor nor in the 
Z direction. Based on the IGR and SEAMAC results, the second floor is as important as the third floor for sensor 
installation and AVT.  

 
 

 

Fig. 6. The results of the OSP of the fixed-base model of the Slottsfjell tower, including the MAC matrices and the prescribed locations. 
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OSP of the model considering SSI was performed on the Slottsfjell tower, and the results are presented in Fig. 7 
for all five methods. The MAC matrices were not changed significantly, but the leading locations were shifted from 
the third floor to the second floor. This could be due to the flexibility of the boundary conditions of the tower because 
of considering the effect of SSI. Therefore, except for the roof, the optimum locations should not necessarily be on 
the upper floors, and the second and third floors are the essential floors for installing the sensors. 

  
 

 

Fig. 7. The results of the OSP of the Slottsfjell tower model considering SSI, including the MAC matrices and the prescribed locations. 

4. Conclusion 

Identifying the optimized locations of the limited numbers of accelerometers to derive the mode shapes of structures 
can be done by applying the OSP methods on the FEMs with initial material properties. Since destructive tests are not 
permitted to define the material properties of historical structures, OSP methods are recommended before performing 
AVT. The application of different OSP methods on the FEMs of a stone masonry arch bridge and a stone masonry 
tower was investigated. The results revealed that sensor elimination methods are more robust than the sensor metrices 
methods by considering the MAC as a criterion. For the masonry arch bridge, the sensors should cover the locations 
in the middle of the spandrel walls, on top of the arches, and locations between the top of the arches and two sides of 
the bridge. The roof is the most important place for installing the sensors, and installing sensors on the first floor was 
not recommended. Furthermore, by modeling the soil box and foundation based on the direct method for considering 
the SSI, the MAC matrices were not changed significantly, but the candidate sensor locations were shifted from the 
third floor to the second floor. Thus, the sensors should cover the roof, second, and third floors, respectively. Unlike 
for the Slottsfjell tower, the vertical (Z) direction is crucial to be recorded for the Roman bridge. The SEAMAC is 
considered an efficient OSP method due to its formulation based on the numerical analysis in this study. However, in 
order to confirm these findings, the results of the numerical analysis should be compared to the results of the OMA, 
which are based on the AVT.  
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