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A B S T R A C T   

This paper aims at providing an insightful comparison between three of the most widely used commercially 
available macroelement models for assessing the global seismic performance of existing masonry structures: the 
equivalent frame model of 3Muri®, and the two- and three-dimensional discrete macroelements available in 3D- 
Macro®. To this aim, a stone masonry building, representative of the Urban Cultural Heritage (UCH) typology of 
the Azores archipelago (in Portugal), was considered as a case study. Firstly, sensitivity analyses were performed 
to investigate the impact of a few modelling aspects on the seismic performance of the case study building, and 
ultimately to define the reference model. Secondly, this reference model was analysed both linearly and non-
linearly. Finally, the seismic performance was evaluated by applying the N2 Method. 

With this comparative study, the authors aim at discussing, from the user viewpoint, the features that these 
software codes and corresponding macroelement models have in common and those where they most diverge, as 
well as their main advantages and drawbacks. Results demonstrate that these models should be applied to UCH 
assets with due diligence, bearing in mind both the particularities of the case study as well as features and 
limitations associated with the chosen modelling strategy and software.   

1. Introduction 

Over the past several years there have been numerous earthquakes 
around the world, particularly in Europe, that have caused significant 
loss of life, property and widespread damage to Urban Cultural Heritage 
(from now on referred to as UCH). As explained in Ref. [1], this category 
comprehends masonry architectonic assets that are expected to be 
subjected to prevailing in-plane damage, such as palaces, religious 
buildings and corporate or residential assets of accredited heritage 
value. In this study particular focus is given to residential buildings, 
since they represent the majority of the building stock in many historical 
centres in Portugal [2]. 

Research on earthquake engineering has been mainly focused on 
reinforced concrete structures, as an attempt to improve the design of 
new structures rather than analysing the existing ones [3]. However, in 
many seismic prone areas worldwide, unreinforced masonry structures 

(URM) still constitute a significant part of the building stock. Therefore, 
the study of such structures has been a research topic of increasing 
relevance over the past few decades, particularly if considering the 
crucial role it plays on the protection and preservation of cultural her-
itage assets. In the European context, some of the most relevant studies 
regarding this research field were developed, for example, by Lago-
marsino et al. [4], Penna [5,6], D’Ayala [7], or Asteris et al. [8], just to 
name a few. 

In this study attention will be given to the seismic vulnerability 
component of the holistic definition of earthquake risk, which is more 
likely to be controlled in engineering terms. The latter gains particular 
relevance in countries such as Portugal, where a set of socio-economic 
factors, recently identified by Maio et al. [9], are exacerbating the 
vulnerability of the building stock, and subsequently, the risk of expe-
riencing severe loss and damage in the event of an earthquake. 

In light of the above and encouraged by previous benchmark studies 
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carried out by Marques and Lourenço [10,11] or Pant�o et al. [12], this 
study aims at comparing the seismic performance of a UCH case study, 
by using three different macroelement modelling approaches. These 
models are commercially available in two of the most widely used 
software codes for the numerical modelling of URM structures, in which 
the category of UCH assets is included. Moreover, in this paper, the main 
advantages and drawbacks of each macroelement approach and 
respective software code are going to be thoroughly discussed from the 
user viewpoint, hoping that it might be useful to both researchers and 
engineering offices. 

2. The macroelement approach 

The development of reliable and accurate models to predict the 
seismic performance of existing structures is seen as one of the most 
challenging issues to address in this particular research field. The study 
of complex structures such as UCH assets brings additional difficulties 
related to computational effort, access to reliable input data (geometry, 
mechanical properties of the materials) and, several other limitations 
inherent to the nonlinear constitutive models currently available for 
masonry, or even related to the interactions these assets often share with 
adjacent buildings (the so-called “aggregate effect”). 

According to Calvi et al. [13], accuracy, transparency, and concep-
tual soundness are critical ingredients towards an optimal method. 
Existing methods differ fundamentally in three key aspects: detail of 
modelling level, type of output, procedure for the seismic assessment 
[1]. The latter depends on numerous external constraints, such as the 
objective of the assessment, and economic, human and time resources. 
Thus, and despite the wide range of methods available for assessing the 
seismic performance of URM structures, thoroughly reviewed for 
example by Magenes et al. [14], Marques and Lourenço [10], Calvi et al. 
[13], Casapulla et al. [15], or Caddemi et al. [16], this study focuses on 
the comparison of three of the most widely known models based on 
macroelements. 

According to Marques and Lourenço [17], macroelement models 
were initially based on two-dimensional macroelements, aiming at 
performing planar wall analysis by assuming a “no-tension” hypothesis. 
However, as stated by the same authors, the necessity of considering the 
global response of buildings led many researchers to idealise 
one-dimensional macroelements to simulate a similar behaviour to that 
of framed structures and then apply conventional methods of structural 
mechanics [17]. It is within this framework that the SAM II [18] and 

TreMuri [19] software codes have appeared. The use of these software 
codes by engineers was also motivated by the introduction of the then 
new Italian technical code OPCM 3274/2003 [20] and its subsequent 
revision, OPCM 3431/2005 [21], which explicitly recommended the use 
of nonlinear analyses for assessing the seismic performance of existing 
structures. 

Within the frame modelling approach, the user-friendly computer 
code TreMuri, which was continually upgraded to its current commer-
cial version, 3Muri® [22], is one of the software codes considered in this 
study. The graphic representation of the macroelement model available 
in 3Muri® is illustrated in Fig. 1(a). 

However, due to the limitations in the use of beam-type macroele-
ments, namely associated with the inaccurate simulation of the inter-
action between macroelements and the weak modelling of the cracked 
condition of panels [17], different two-dimensional discrete macroele-
ment approaches emerged. These approaches were endowed with either 
strut and tie elements [23] or plane elements with discrete interfaces 
and nonlinear springs [24,25]. The latter approach, shown in Fig. 1(b), 
was incorporated into the software code 3D-Macro® [26], and it is going 
to be also considered in this comparative study. 

More recently, Pant�o et al. [27] identified the assumptions “box-like 
behaviour” and “in-plane damage as the primary source of damage”, as 
the main drawbacks of existing simplified numerical strategies used for 
the seismic performance assessment of URM structures, particularly in 
the case of structures with flexible and weakly anchored floors. To 
overcome these limitations, Pant�o et al. [27] developed an innovative 
three-dimensional macroelement model able to simulate the combined 
in-plane and out-of-plane response of URM walls. This model, depicted 
in Fig. 1(c), is also incorporated into the software code 3D-Macro®, and 
it will be also considered in the present study. 

In the following subsections, both software codes and the respective 
models are going to be described in more detail. 

2.1. 3Muri® software code 

This software code is based on the equivalent frame model (EFM) 
approach, following the assumption that the in-plane response of ma-
sonry walls with openings can be discretised by a set of one-dimensional 
macroelements (piers and spandrels) [28,29]. 

In the EFM approach, piers are vertical elements that support both 
dead and live loads. 

Spandrels instead, are horizontal elements placed in between two 

Fig. 1. Graphic representation of the macroelements considered in this study: one-dimensional macroelement model incorporated in 3Muri® [22] (a); 
two-dimensional macroelement model of 3D-Macro [26] (b) and the three-dimensional macroelement model recently developed by Pant�o et al. [27] (c). 
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vertically aligned openings, which couple piers in the case of seismic 
loads. Both piers and spandrels are modelled as nonlinear beams [28], 
which include the following features:  

� Initial stiffness calibrated according to the masonry elastic 
properties; 
� Bilinear constitutive inelastic behaviour with maximum values cor-

responding to the shear and bending moment related to the ultimate 
limit states for in-plane failure mechanisms;  
� Redistribution of the internal forces according to the element 

equilibrium;  
� Detection of damage limit states considers global and local damage 

parameters [30];  
� Stiffness degradation is in the plastic range;  
� Ductility control by means of defining in-plane drift limits;  
� Element expiration at ultimate drift without interruption of global 

analysis. 

Rigid nodes represent the connections between piers and spandrels 
and are representative of those masonry portions for which it is assumed 
an undamaged condition. 

The complete 3D model is obtained by assembling two-dimensional 
walls, assuming the full coupling among the connected walls and 
condensing the degrees of freedom of two two-dimensional nodes inci-
dent, and also by introducing floor elements modelled as orthotropic 
membrane finite elements [28]. 

The shear response is governed by the diagonal cracking failure 
criteria, initially developed by Turn�sek and Sheppard [31] and adapted 
for existing masonry buildings in the Italian seismic code, NTC [32]. The 
flexural response, combining compressive and bending failure is eval-
uated neglecting the tensile strength of the material and assuming a 
rectangular normal stress distribution at the compressed toe [33]. 

The modelling accuracy of different EFM approaches for regular 
URM walls in the non-linear field, was recently investigated by Siano 
et al. [34]. The conclusions of this study highlighted the need for a 
cautious use of EFM to existing URM structures, in particular to histor-
ical buildings. Quagliarini et al. [35] and Marino et al. [36] have 
underlined some of the shortcomings of EFM approaches, which are 
usually associated with:  

� Geometrical inconsistency due to the idealisation of URM walls as 
“equivalent frames”;  
� The assumption of box-like behaviour and the overlooking of the out- 

of-plane response;  
� Difficulties to identify an equivalent frame for irregular distribution 

of openings;  
� Difficulties associated with modelling the masonry-beam interaction 

for confined or infilled frame structures. 

2.2. 3D-Macro® software code 

The two-dimensional macroelement model, depicted in the previous 
Fig. 1(b), consists of a pinned quadrilateral made with four rigid edges, 
in which two diagonal springs are connected to the corners to simulate 
the shear response. A discrete distribution of springs normal to the sides 
simulates the flexural interaction between macroelements. A single 
spring parallel to the side is also included to simulate the sliding 
mechanism [25,26]. 

In the case of the two-dimensional model of 3D-Macro®, the struc-
tural global response is governed by the in-plane behaviour of masonry 
panels, being the out-of-plane behaviour avoided by the presence of 
wall-to-wall and wall-to-diaphragms connections. 

The three-dimensional discrete macroelement model, represented in 
Fig. 1(c), was originally proposed in Ref. [37] and recently by Pant�o 
et al. [27]. It represents the spatial extension of the planar (two-di-
mensional) macroelement model described above, aiming at simulating 

the nonlinear behaviour of masonry structures by taking into account 
the combined response in- and out-of-plane. In the present study, the 
three-dimensional model of 3D-Macro® was used to evaluate the 
contribution of the out-of-plane wall stiffness on the building dynamic 
characterisation (periods and modes of vibrations) and the capacity 
curve characteristics: initial lateral stiffness, ultimate strength and 
ductility capacity. 

According to Pant�o et al. [27], this new approach is based on the 
concept of macroelement discretisation [38] and has been conceived 
with the aim of capturing the nonlinear behaviour of an entire building 
through the assemblage of several discrete macroelements. These mac-
roelements are characterised by different levels of complexity according 
to the role played by the element in the global model [27]. Three 
additional degrees of freedom were added to the original 
two-dimensional macroelement model to describe the out-of-plane ki-
nematics. Thus, each three-dimensional macroelement is governed by a 
total of seven degrees of freedom. Moreover, further nonlinear links 
have been introduced to account for the three-dimensional mechanical 
behaviour of the element according to a simplified discrete fibre dis-
cretisation strategy [27]. 

More information about the theoretical basis of the considered 
models and the main differences between these and both similar and 
more advanced approaches for the numerical modelling of masonry 
structures, can be found in Refs. [16,39,40]. 

3. Seismic response assessment 

3.1. Nonlinear static (pushover) analysis 

Nonlinear static procedures incorporate directly the nonlinear force- 
deformation constitutive laws of the elements, representative of the 
inelastic behaviour of the material. The result of the analysis is sum-
marised by a nonlinear force-displacement relationship (pushover 
curve) usually represented in terms of global base shear and top 
displacement of the structure. This relationship is obtained by mono-
tonically increasing a constant spatial distribution of horizontal forces 
until the structure reaches a failure condition that is conventionally 
established. 

The seismic performance is going to be evaluated by comparing the 
displacement capacity of an idealised single degree of freedom system 
(SDOF), defined from the pushover curve, with the demand inelastic 
response spectra corresponding to a given seismic action. In the case of 
regular structures, pushover analyses can be performed considering 
simple loading distributions proportional to the fundamental mode in 
the considered direction. However, in the case of tall or irregular 
buildings, more complex multi-modal or adaptive pushover procedures 
should be considered as higher and torsional modes of vibration 
generally play a more important role [3]. 

Despite the use of nonlinear static procedures through simplified 
analytical models is trusted to find a good compromise between 
computational effort and the number of input parameters [41], its 
applicability to unreinforced masonry structures with flexible di-
aphragms has been recently discussed by Betti et al. [42] and Nakamura 
et al. [43]. 

When using EFM approaches, for example, pushover analysis pro-
cedures should include specific requirements for structural member el-
ements, which in turn should be consistent with appropriate definitions 
of force (strength criteria) and displacement capacity [44]. According to 
Lu et al. [44], further indications for modelling horizontal diaphragms 
(in-plane and out-of-plane stiffness) should be also addressed, as well as 
issues related to the: definition of minimum modelling requirements for 
dynamic analysis; definition of limit states compatible with traditional 
stone masonry typologies; convergence of nonlinear analyses, and the 
use of sensitivity studies. 

According to the Italian and European codes [32,45], the two 
considered software codes allow performing nonlinear static analyses 
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with bi-directional loading patterns along the two main planar di-
rections of the building: 100% and � 30% of lateral loads are simulta-
neously applied along the main building directions. Accidental (positive 
and negative) eccentricity, automatically set equal to 5% of the 
maximum length of the building, can be included or not in the analyses. 
Additionally, two different patterns for the horizontal load distribution 
should be considered: uniform mass-proportional load pattern (from 
now on referred to as “uniform”), and pseudo-triangular load pattern, 
proportional to the product between the mass of the control node and its 
height with respect to the base, as an approximation of the first mode of 
vibration. The complete set of analyses, automatically generated by the 
two software, includes 72 bi-directional loadings patterns. This number 
decreases to 24 if only uni-directional loading patterns are considered. 

In addition to the previous default set of analyses, the current re-
leases of 3Muri® and 3D-Macro® software codes allow for the compu-
tation of angular scanning analyses in which the loading direction 
ranges along all possible directions by defining a given incremental 
angular step. The latter analyses, not considered in the codes, allow the 
determination of the directions of the building with minimum and 
maximum strength and ductility [46]. 

In this comparative study, both global and local displacement ca-
pacities were defined according to the EN 1998-3 [45]. The global 
displacement for the Near Collapse (NC) was defined by the magnitude 
of the roof displacement at the point corresponding to a 20% decay of 
the maximum base shear strength. The global displacement capacity for 
the Significant Damage (SD) limit state is then defined as 75% of the NC 
value. Finally, in the case of the Damage Limitation (DL) limit state, the 
displacement capacity is defined at the yield point of the idealised 
elasto-plastic pushover curve. In what concerns the local displacement 
capacity, the drift limits proposed in the Annex C of the EN 1998-3 [45] 
were adopted. 

3.2. Seismic performance-based assessment 

The seismic performance of the case study was evaluated according 
to the N2 Method [47], following the recommendations of EN 1998-1 
[48], and by considering the limit states recommended in the NP EN 
1998-3 [49]: damage limitation (DL); significant damage (SD), and near 
collapse (NC). Despite its inherent simplicity, the authors believe that 
use of the N2 Method provides a very interesting compromise between 
computational effort and precision in the prediction of the seismic 
performance of existing structures. More complex approaches such as 
nonlinear incremental dynamic analyses are more time consuming, and 
for that reason, less adopted in the current engineering practice. More-
over, the use of such approaches is more adequate when using more 
detailed and complex models. 

The N2 Method is commonly used to determine the structure’s target 
displacement, d*t, which is in turn computed from the intersection be-
tween the capacity curve of the structure (drawn in terms of 
displacement-acceleration spectral coordinates) and the inelastic 
response spectrum associated with the seismic demand, following the 
iterative procedure recommended in the NP EN 1998-1 [50]. 

The capacity curve is obtained by applying a transformation coeffi-
cient [47,48] that allows converting the pushover curve (associated to 
the Multi Degree of Freedom system, MDOF) into an equivalent bilinear 
Single Degree of Freedom (SDOF) system, assuming an elasto-perfectly 
plastic force-displacement relationship. 

The seismic demand for the Azores region (zone 2.1 and horizontal 
elastic response spectrum of type 2) was defined for a reference ground 
acceleration, agR, equal to 2.50 m s� 2, as recommended by the National 
Annex of the NP EN 1998-1 [50]. The structure’s demand acceleration, 
agD, compatible with the fulfilment of each limit state, was then obtained 
multiplying the peak ground acceleration ag by the coefficients proposed 
in Ref. [49], equal to 0.55, 0.89, and 1.22, respectively for the DL, SD 
and NC limit states. The peak ground acceleration, ag, was instead ob-
tained by multiplying agR by the importance factor, γI, herein considered 

equal to 1.00 (assuming an importance class II). The horizontal elastic 
response spectrum was obtained by considering: TB ¼ 0.10 s; TC ¼ 0.25 s; 
TD ¼ 2.0 s; soil factor, S, equal to 1.30, and an equivalent viscous 
damping, ξ, equal to 5%. These values are recommended in Ref. [50] for 
structures with a foundation soil type C. 

In this study, the seismic performance is going to be evaluated by 
computing the parameter % ag, given by the ratio agC/ag, being agC the 
acceleration associated to the performance point, whose displacement 
corresponds to the value imposed for each limit state. 

4. The case study 

The case study building adopted in this comparative study, depicted 
in Fig. 2, has been featured in previous works, such as in Costa and Arêde 
[51], and more recently in Diz et al. [52]. This UCH asset is a 
three-storey row-end stone masonry building located in the historical 
centre of Horta (Faial island of the Azores archipelago), in Portugal. This 
case study, of both commercial (ground floor) and residential use (upper 
floors), has a total height of 14.50 m, presents a square-shaped plan of 
about 10.00 � 12.00 m, and bonds its posterior wall with another 
building of the same typology, however of inferior architectural value. 

Unlike rural building typologies of Faial island, the quality of con-
stituent materials, masonry fabric and execution works is generally 
improved in urban areas [52,53]. Stones, for example, have more 
straight edges and sides, being, therefore, better arranged. The con-
nections between orthogonal walls are expected to be more efficient in 
this case. Additionally, as depicted in Fig. 2, the building is ornamented 
with some architectural details and embellishments, which highlight its 
significance from the cultural heritage viewpoint. 

External masonry walls are about 0.70 m thick and made of basalt 
stone masonry, while internal walls have two different typologies: basalt 
stone masonry approximately 0.20 m thick and timber panelling with an 
interior timber structure (the so-called “tabique”), which provides 
additional support to the floors’ timber joists [52,54]. “Tabique” walls 
however, were not considered in the modelling phase, as the presence of 
such low-stiffness elements has a negligible impact over the global 
seismic performance of the building [55]. The vertical and horizontal 
structure is repeated in height, being the latter composed of timber 
planks 0.025 m thick supported by 0.09 � 0.14 m timber joists spaced in 
0.60 m, which are in turn supported on the façade walls and on two 0.07 
� 0.19 m timber joists that ensure further support to the floor timber 
joists. 

Fig. 2. Overview of the case study building façade walls (a) and some archi-
tectural details: gable dormers, balconies and rounded openings, and timber 
staircase, respectively from left to right (b). 
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The roof structure (“francesa” style) consists of a traditional kingpost 
hip roof truss of three hip rafters, forming an additional storey by taking 
advantage of the attic and by introducing a total of seven gable dormers, 
giving the building an additional “grandeur” from the architectural 
point of view. Its structure is composed of 0.07 � 0.19 m ceiling joists 
supported on external walls, which in turn provide support to the gable 
dormers frame. Finally, 0.03 � 0.12 m purlins are spaced in 0.40 m. 
Even though no information was available about the foundations of this 
building, these are typically executed in the same type of masonry but 
slightly wider than external walls and with a depth of at least 1.00 m, 
depending on the total height of the building [56]. 

5. Preliminary analyses 

In this section, sensitivity analyses are going to be performed, in a 
first phase, to address the influence of a few modelling aspects over the 
seismic performance of the case study building. In a second phase, and 
based on the results of the sensitivity analysis, a reference model is 
defined for the purpose of the comparative analysis. 

5.1. Sensitivity analysis 

In this subsection, the authors will address some of the most 
important issues related to the construction of the respective numerical 
models using both 3Muri® and 3D-Macro® software codes. Further-
more, all simplifications and assumptions considered in this modelling 
phase are going to be explicitly stated. For the sake of simplicity, these 
aspects will be only discussed for the one-dimensional macroelement 
model of 3Muri® and the two-dimensional macroelement model of 3D- 
Macro®. Although these models differ in their formulation (as 
mentioned in the previous section), where possible, the same values 
were assigned to both geometrical and mechanical properties. 

One of these prime issues has to do with the selection of the control 
point. Unlike 3D-Macro®, and even if pushover curves are plotted 
considering the average displacement at the upper storey level, 3Muri® 
does not allows considering the barycentre of the structure as control 
point when performing pushover analyses, a criterion suggested by the 
EN 1998-1 [48] in the case of rigid diaphragms, but requires instead the 
selection of a single node instead. 

Once we are in the presence of flexible diaphragms, the criterion 
suggested in Ref. [57] for the selection of the control point was adopted, 
which recommends the control point to be located in the wall that first 
fails. According to the same authors [57], the displacement of the con-
trol point during the analysis has a little increase, while the displace-
ments of nodes located in other walls decrease. Hence, in this study, 
nodes N8 and N12, located at the upper storey and highlighted in Fig. 3, 
were selected as control points, respectively for the X and Y directions. 

In what regards the characterisation of the vertical structure, ma-
sonry walls were modelled by assuming a constant thickness in height 
and by disregarding the heterogeneity associated with the masonry 
material. Both software codes require only a few parameters to define 
the masonry walls. The values of these mechanical parameters, 
described in the following paragraph, were adopted from Ref. [32] for a 
squared blocks stone masonry typology, considering the cracked con-
dition for the masonry panels (as recommended in the EN 1998-1 [48]) 
and a knowledge level KL1, to which corresponds a confidence factor, 
CF, equal to 1.35. 

Hence, the elastic properties of masonry, E (Young’s modulus) and G 
(shear modulus), were assumed equal to 615 MPa and 205 MPa, 
respectively, values that are in line with those adopted for the same 
masonry typology [52]. The specific weight of masonry, w, was assigned 
equal to 20 kN m� 3. In terms of masonry strength properties, the 
compressive strength, fm, and pure tangential shear strength, τ0, were 
assigned equal to 1.48 MPa and 0.026 MPa, respectively. 

However, unlike 3Muri®, that assumes a “no-tension” hypothesis, 
3D-Macro® requires the attribution of a non-zero tensile strength value 

for masonry panels, ftm. Therefore, to allow the comparison between 
both software codes, the ftm value in 3D-Macro® was assigned equal to 
0.001 MPa, limiting the tensile ductility to 3.0. Moreover, it was also 
considered the tensile strength value, ftm, assigned by default by the 3D- 
Macro® software code, which is equal to 1/20 of the compressive 
strength value, fm. 

Fig. 4 demonstrates not only the sensitivity of the two-dimensional 
model of 3D-Macro® to the different tensile strength values consid-
ered, ftm, but also the deviations between the former and the no-tension 
approach implemented in 3Muri®. 

The pushover analyses in Fig. 4(a) were performed in the X direction 
considering the uniform load pattern distribution, and represent the 
nonlinear relationship between the shear coefficient, Cb, and the 
displacement of the control node, dcn. The shear coefficient was ob-
tained by diving the base shear strength, Vb, by the total seismic weight 
of the building, W equal to 5893 kN and 5888 kN, respectively in the 
case of 3Muri® and 3D-Macro®. From Fig. 4(a), and regardless from the 
ftm value considered for the two-dimensional model of 3D-Macro®, it is 
possible to observe that the pushover curves obtained by both software 
codes vary significantly. Such discrepancy suggests that the model of 
3Muri® tends to overestimate the base shear capacity. The difference 
observed in terms of seismic performance, illustrated in Fig. 4(b), can be 
explained by a significantly lower ductility capacity of 3Muri® model 
with respect to the 3D-Macro® model. 

Horizontal diaphragms (floors and roofs) were modelled as polyg-
onal diaphragms elastically deformable considering orthotropic slab 
elements characterised by an equivalent thickness, teq, equal to 0.025 m. 
Young’s moduli E1,eq and E2,eq, were considered equal to 5.96 GPa and 
3.91 GPa, respectively in the parallel and perpendicular direction of the 
floor warping. These values were adopted from the technical specifica-
tions available for the Cryptomeria of Azores. An equivalent shear 
modulus, Geq, equal to 8.60 GPa, was assigned according to the guide-
lines NZSEE [58], after [59], considering a straight single sheathing 
timber floor typology in a fair rating condition. In Fig. 5, the sensitivity 
to different Geq values is investigated. 

The reference value of 8.60 MPa, for example, is compared to the 
values proposed in the NZSEE [58] guidelines for the same floor typol-
ogy but considering a poor (6.80 MPa) and good (10.60 MPa) rating 
condition. In 3Muri®, the minimum Geq value suggested for a single 
sheathing timber floor typology with an equivalent thickness of 0.04 m 
is 10 MPa. Additionally, Geq values of 50 MPa, 150 MPa and 300 MPa, 
representing a double straight sheathing timber floor typology, were 
also compared. The last of these values corresponds, in fact, to the 
minimum value recommended by 3Muri® for this floor typology. 
3D-Macro® instead, suggests a Geq value equal to 1628 MPa as a 

Fig. 3. Scheme of the structural plan of the ground floor level, with the iden-
tification of the: two main directions X and Y; façade walls W1 to W3; blind 
wall, and control nodes N8 and N12. “Tabique” walls, which were not 
considered in the modelling, are here denoted in grey dots. As demonstrated in 
this scheme, the blind wall is actually the physical boundary that separates the 
case study building from the adjacent one (represented in red dots). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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function of the geometrical and elastic properties of timber floors with 
good diaphragm behaviour. However, the maximum value recom-
mended in NZSEE [58] for a similar typology is 52.50 MPa, demon-
strating a great inconsistency between the Geq values suggested in both 
software codes and those proposed in the NZSEE guidelines [58]. When 
examining the results in Fig. 5, it is possible to observe that this incon-
sistency affects significantly the ductility capacity, and subsequently the 
seismic performance of the case study. Moreover, it is also clear that, in 
the case of 3D-Macro®, the increasing of Geq values provides a gradual 
increase of the respective % ag values. 

Another important aspect that might be determinant when assessing 
the seismic response of unreinforced masonry buildings is associated 
with the effective thickness of masonry walls. The visual inspection of 
this aspect might be extremely limited when dealing with architectonic 
assets of relevant cultural value. Thus, in Fig. 6, the sensitivity to the 
variation of external masonry walls thickness, tew, is going to be inves-
tigated by considering a variation of 10% of the thickness suggested by 
the technical drawings (0.70 m). For the sake of simplicity, the analyses 
presented in Fig. 6 were performed only for the þX direction. 

If focusing on Fig. 6(a), the variability in terms of shear coefficient, 
Cb, is more significant in the case of 3D-Macro®. However, while the 

increase of external walls thickness in 3D-Macro® leads to a decrease in 
terms of ductility capacity, in the case of 3Muri®, pushover curves show 
practically the same ultimate displacement. Fig. 6(b) demonstrates that 
the seismic performance assessment through the application of the N2 
Method, herein represented by the % ag values for each limit state, is 
highly sensitive to the ductility capacity. Contrarily, the variation of the 
shear coefficient, Cb has demonstrated little influence over the % ag 
values. 

5.2. Reference model 

The 3D-view of the reference model designed by using the previously 
mentioned software codes and respective macroelement model, are 
illustrated in Fig. 7. This reference model was built by taking into 
consideration the following aspects:  

� Despite the aggregate effect is an important issue when assessing the 
seismic performance of UCH assets, as demonstrated for example in 
Bernardini et al. [60], Pant�o et al. [27], or Formisano et al. [61], 
given the comparative nature of this study, its effect was disregarded;  
� Nodes N8 and N12, located at the upper storey and highlighted in 

Fig. 3, were considered as control points for the X and Y directions, 
respectively;  
� Masonry was assumed as a homogeneous material. A constant 

thickness in height equal to 0.70 m, a cracked condition and a 
knowledge level KL1, were considered for masonry walls. The 
Young’s modulus, E, and shear modulus, G, were assumed equal to 
615 MPa and 205 MPa, respectively, values that are in line with 
those adopted for the same masonry typology [52]. The specific 
weight of masonry, w, was assigned equal to 20 kN m� 3. In terms of 
masonry strength properties, the compressive strength, fm, and pure 
tangential shear strength, τ0, were assigned equal to 1.48 MPa and 
0.026 MPa, respectively. The shear-yielding criterion proposed by 
Turn�sek and Cacovic [62] was adopted. The tensile strength of ma-
sonry panels, ftm, was assigned with limited tensile ductility of 3.0 
and equal to 0.001 MPa in both 3D-Macro® models. The mechanical 
properties considered in the reference model are summarised in 
Table 1.  
� The contribution of “tabique” walls was disregarded;  
� A straight single sheathing timber floor typology in a fair rating 

condition was adopted to horizontal diaphragms, with teq equal 0.04 
m and Geq equal to 5.38 MPa, following the recommendations of the 
NZSEE guidelines [58];  
� Gravity (Gk) and live (Qk) loads equal to 1.00 kN m� 2 and 2.00 kN 

m� 2 were assigned to all horizontal diaphragms. The timber struc-
ture of the internal staircase, being an element of low stiffness, was 
not considered in the models, as its contribution over the global 
seismic response of the structure is assumed negligible;  
� The presence of gable dormers was simulated by introducing the 

respective vertical loads, adopted by Diz et al. [52], as linear loads 
over the respective walls at the upper storey level. This procedure is 
recommended in Ref. [22] in the presence of complex roof structures  
� A linear elastic constitutive model was considered to simulate the 

deformability of timber elements in the numerical analyses;  
� Arched windows were considered rectangular, assuming, therefore, a 

more conservative approach. Architrave elements were modelled as 
timber beams with a C18 resistance class and mean compressive 
strength, fwm, equal to 26.0 MPa. The values for the specific weight, 
w (2.70 kN m� 3) and of the Young’s modulus, E (3.91 GPa), were 
assumed in line to those proposed in Ref. [52] and the previously 
mentioned specifications for the Cryptomeria of Azores. The same 
mechanical properties were assigned to other timber elements, such 
as rafters and joists;  
� The underlying soil (foundations) was modelled as rigid;  
� For the sake of simplicity and given the focus of this study, only the 

global response of the structure has been considered, However, for a 

Fig. 4. Global sensitivity to masonry tensile strength of the two-dimensional 
model of 3D-Macro®, when compared to the “no-tension” hypothesis imple-
mented in 3Muri®: pushover curves for the þX direction without accidental 
eccentricity (a), and the respective % ag values for the limit states DL, SD and 
NC (b). 
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Fig. 5. Global sensitivity to the equivalent stiffness of horizontal diaphragms, Geq: pushover curves for the þX direction without accidental eccentricity (a), and the 
respective % ag values for the limit states DL, SD and NC (b). 

Fig. 6. Global sensitivity to the thickness of load-bearing walls: pushover curves for the þX direction without accidental eccentricity (a), and the respective % ag 
values for the limit states DL, SD and NC (b). 
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more comprehensive seismic assessment, the investigation of local 
out-of-plane mechanisms and the use of a more detailed mesh should 
be deemed. 

6. Comparative analyses 

In this section, the comparison of the three different macroelement 
models is carried out firstly in the linear field by performing modal 
analysis, and secondly in the nonlinear field by performing pushover 
analyses and examining the respective damage pattern distribution. 
Finally, the seismic performance of these models was evaluated and 
compared by applying the N2 Method. For the sake of simplicity, only 
the uniform mass-proportional load pattern was considered, since it is 
believed to be sufficiently representative of the inertia actions acting on 
medium-low height historical buildings [63]. Moreover, unidirectional 
load patterns with and without additional eccentricities were consid-
ered. Thus, for each model 12 analyses were performed: 6 analyses along 
the X direction and 6 analyses along the Y direction. 

6.1. Modal analysis 

Fig. 8 summarises the main results obtained from the modal analysis 
performed by using each one of the macroelement models considered in 
this comparative study, namely the natural frequencies, f, mass partic-
ipation ratios, Mx and My (in the two main directions, X and Y), and the 
first three vibration modes. It is worth noting that the plan modal shape 
configurations reported in Fig. 8 refer to the deformed shape of the top 

Fig. 7. 3D-view of the reference model built by using the three different 
macroelement models: 3Muri® (a), two-dimensional (b) and three-dimensional 
model incorporated in 3D-Macro® (c). To ease the viewing, horizontal di-
aphragms are not displayed. 

Table 1 
Mechanical properties considered in the reference model.  

E G fm τ0 w Ultimate drifts 

[ MPa] [ MPa] [ MPa] [ MPa] [ kN m� 3] Shear Flexural 
615 205 1.48 0.026 20 0.8% 0.6%  

Fig. 8. Deformed shape of the first three modes (from M1 to M3) obtained for each macroelement model at the upper storey level, considering a deformation scale 
equal to 50: one-dimensional macroelement model of 3Muri® (a); two- (b) and three- (c) dimensional macroelement models of 3D-Macro. 
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storey level. 
At first glance, and when compared to the results obtained for the 

two- and three-dimensional model of 3D-Macro®, it seems that the first 
two vibration modes of 3Muri® are swapped. From Fig. 8, it is also 
possible to observe that the fundamental mode of vibration in the one- 
dimensional macroelement model of 3Muri® corresponds to the trans-
lation Ty, where masonry walls appear to move in phase. 

Conversely, in case of the two- and -three dimensional macroelement 
models of 3D-Macro®, the fundamental mode corresponds to the 
translation Tx, together with a slight rotation Rz. The second and third 
vibration modes are characterised by the combined effect of translation 
and rotation. Moreover, it is worth highlight that the natural frequencies 
obtained with the 3D-Macro® models are lower than those obtained by 
the 3Muri® model. This suggests that the model of 3Muri® is more rigid 

and less ductile capacity than those of 3D-Macro®, a statement that will 
be confirmed further on by the pushover analysis. 

The three-dimensional model of 3D-Macro®, however, shows a good 
agreement with the model of 3Muri® in terms of natural frequencies, as 
the average deviation between these two models when considering the 
three vibration modes, is about 10%. 

The two-dimensional model of 3D-Macro® provides lower natural 
frequencies associated with the first and second modes (translation 
modes) when compared to the remaining models. This suggests that the 
out-of-plane stiffness contribution of the walls plays, in this case, a non- 
negligible role over the global lateral stiffness of the building. In 
particular, when comparing the two- and three-dimensional models of 
3D-Macro, the average difference in terms of natural frequencies is 
about 17%. These results can be justified because the investigated 

Fig. 9. Pushover curves of the reference model for the X (a) and Y (b) directions, obtained by considering the one-dimensional macroelement model of 3Muri®, and 
the two- and three-dimensional macroelement models of 3D-Macro®. 
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building is characterised by thick walls with in-plane slim panels (see 
previous Fig. 7). 

6.2. Pushover analysis 

The comparison in terms of pushover curves is presented in Fig. 9. 
The curves in light grey correspond to the analyses performed by 
considering accidental eccentricity (positive and negative), according to 
the recommendations of EN-1998:3 [45]. However, the results show 
that the influence of accidental eccentricity appears to be more evident 
in the case of the one-dimensional model of 3Muri®. 

Even though there is no information available that could possibly 
sustain any conclusions about which model predicts with more precision 
the real behaviour of the case study, more conservative results are al-
ways preferable from the seismic safety viewpoint, since in theory, to 
fulfil the seismic safety requirements, the demand in terms of seismic 
strengthening will be naturally higher. However, if results are too con-
servative, we might be oversizing the structure, which is not sustainable 
from the economic viewpoint. 

When comparing the pushover curves obtained for both directions, it 
is possible to observe that while the X direction presents in general a 
higher initial stiffness, the Y direction is characterised by a higher 
ductility. This evidence is transversal to all the considered macroele-
ment models. However, the curves of these macroelement models 
exhibit significant deviations in terms of shear coefficient, Cb. The shear 
coefficient peak values in the case of the 3Muri® model range from 
0.107 and 0.125 in the X direction, and from 0.070 and 0.089 in the Y 
direction. In the case of the two-dimensional macroelement model of 
3D-Macro®, the Cb peak values vary from 0.083 to 0.085 in the X di-
rection, and from 0.096 and 0.107 in the Y direction. Finally, in the case 
of the three-dimensional macroelement model of 3D-Macro®, the peak 
Cb values range from 0.093 and 0.095 in the X direction, and from 0.113 
and 0.128 in the Y direction. 

When comparing the two models incorporated in 3D-Macro®, it is 
possible to observe that the two-dimensional underestimates the base 
shear strength, with respect to the three-dimensional model, in about 
10% and 15%, in the X and Y directions, respectively. However, from 
Fig. 9, it can be observed that the contribution of the out-of-plane 
response of the walls does not influence significantly the post-peak 
behaviour and the building displacement capacity. These results 
appear consistent to the geometrical configuration of the case study and 
the thickness of the respective masonry walls. Furthermore, it has to be 
considered that, in the actual nonlinear response of masonry buildings, 
the connections between orthogonal walls are weak or practically 
ineffective, leading to a global behaviour in which the out-of-plane 
stiffness contribution of these walls tends to be negligible. 

The results of the nonlinear analyses demonstrates that the model of 
3Muri® provides a higher lateral peak-strength compared to the values 
given by the 3D-Macro® models. A discrepancy of about 25% was 
observed when comparing 3Muri® and the three-dimensional model of 
3D-Macro®. At the same time, the model of 3Muri® provides a lower 
ultimate displacement capacity of the building. These differences can be 
partially justified by the different modelling strategies adopted in the 
simulation of the flexural mechanisms. In the case of 3D-Macro®, the 
flexural mechanism is governed by a progressive distribution of damage 
in the adopted fiber discretisation (distributed plasticity), while in 
3Muri® is ruled by suitable plastic hinges in the frame model (concen-
trated plasticity). These results are in line with the previously observed 
trend in the modal analysis, where the values of natural frequencies in 
the model of 3Muri® are higher than those of 3D-Macro®. 

In addition to the global pushovers, the pushovers of façade walls W1 
and W3 are also shown in Fig. 9. In this case, the base shear coefficient 
Cb, is obtained by dividing the wall base shear strength by the global 
weight of the building, W. When comparing these two walls, it is 
possible to observe a good agreement between the three models in terms 
of base shear capacity. However, the ductility capacity of these walls 

diverges substantially from model to model. In Section 6.3, façade walls 
W1 and W3 will be used as reference walls in the comparison of the 
expected damage pattern distribution by each one of these macroele-
ment models. Although significant deviations were found between these 
macroelement models, it is indeed necessary to extent the analysis in 
terms of seismic performance before drawing further conclusions, a 
matter that is going to be tackled in subsection 6.4. 

6.3. Damage pattern analysis 

The analysis of the damage distribution pattern is of great usefulness 
for a correct interpretation of the results obtained by the nonlinear an-
alyses performed by means of the different macroelement models. 
Furthermore, this type of analysis is also of great utility to better locate 
and prioritise eventual strengthening or retrofitting solutions [9]. The 
verification of the damage pattern distribution of UCH assets in the 
context of seismic performance assessment should also include the 
displacement corresponding to the damage limitation (DL) limit state. 

For the sake of simplicity, Figs. 10 and 11 present the damage pattern 
distribution of façade walls W1 and W3, which correspond to the ana-
lyses performed along the þX and þY directions respectively, and 
without accidental eccentricity. The damage pattern predicted by the 
three different macroelement models is given for the displacement 
corresponding to the achievement of each limit state capacity (DL, SD, 
and NC). To better scrutinise the behaviour of the masonry panels, beam 
elements were not displayed. 

If looking at Fig. 10, it is possible to observe that damage in wall W1 
is concentrated in spandrels by diagonal shear damage. The shear 
damage or failure conditions can be distinguished by means of the 
graphical icons available in the user graphical interfaces of the two 
software codes. This mechanism, which is associated with the loss of 
shear capacity of each panel, is particularly relevant not only for the 
seismic safety assessment of structures but also for the design of 
strengthening interventions. 

While in the 3Muri® model most of the masonry piers remain un-
damaged even at the NC limit state, in the models of 3D-Macro®, 
bending damage in piers is expected to prevail. In fact, bending damage 
in 3D-Macro® models is mostly concentrated in the base sections of the 
piers at the first storey level and in the top sections of the upper storey 
level. It is worth noting that unlike the 3Muri® model, which considers 
the joint sections rigid by default, in 3D-Macro® models these sections 
are expected to undergo plastic damage. When examining the behaviour 
of spandrels in wall W1, it is observed that shear damage is the pre-
vailing damage mechanism, progressing from a situation of widespread 
damage (at the DL limit state), up to a situation where practically all 
spandrel elements reached shear failure (at the NC limit state). 

In agreement with the previous results, the two-dimensional mac-
roelement of 3D-Macro® appears to provide a more conservative esti-
mation, as the extent of damage is significantly higher than in the 
remaining models. At the other extreme, the model of 3Muri® provides a 
less conservative damage estimation, particularly in the case of piers. In 
fact, the greatest deviation between the model of 3Muri® and those of 
3D-Macro® resides on the percentage of undamaged piers, which is 
significantly higher in the results predicted by 3Muri®. Moreover, the 
damage expected for the spandrel elements located at the roof level 
constitutes another significant deviation between the two software 
codes. While in the case of the 3D-Macro® models, spandrels appear to 
remain practically undamaged, in the case of the 3Muri® model shear 
failure is reached, particularly at the NC limit state. Still referring to 
Fig. 10, it is possible to observe that, occasionally, in 3D-Macro® 
models, a few macroelements are expected to undergo an unloading 
phenomenon from plastic to elastic phase, meaning that at the current 
step of the analysis these elements are in elastic phase but some plastic 
damage has been yet accumulated. 

When observing the damage pattern distribution of wall W3, pre-
sented in Fig. 11, it is possible to observe again that, in the case of the 
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3Muri® model, widespread shear failure is expected to occur in span-
drels. Bending however, appears to be the predominant damage mech-
anism in piers, particularly in those located at the ground floor level or 
at the intersection between adjacent walls. In the case of 3D-Macro® 
models, the percentage of spandrel elements damaged by bending and 
shear mechanisms is way more balanced. Bending damage is more 
widespread in piers, even if a combined shear-bending failure occurs in 
some piers. Most of the above-mentioned differences between the three 
models, in terms of plastic damage distribution and failure mechanisms, 
can be justified by the fact that the nonlinear flexural behaviour of 
masonry panels in 3D-Macro® is simulated by a fibre discretisation 

approach, which allows to predict combined failure mechanisms. 
Thanks to the plan scheme of the macroelement incorporated in 3D- 
Macro®, a more realistic interaction mechanism between spandrels and 
horizontal diaphragms (and floor-beams) is simulated. 

6.4. Seismic performance-based assessment 

Table 2 summarises the main outputs from the seismic performance- 
based assessment, namely the total mass of the equivalent Single- 
Degree-of-Freedom (SDOF) system, m*, the mass participation factor, 
Γ, and the % ag values obtained for each limit state and macroelement 

Fig. 10. Comparison of the damage pattern distribution in façade wall W1 in the þX direction and without accidental eccentricity, at the displacements corre-
sponding to limit states DL, SD, and NC (from left to right, respectively). 
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model. For the sake of simplicity, the results referring to analyses 
considering accidental eccentricity are not included in Table 2. 

The deviations between the considered models in terms of the total 
mass of the equivalent Single-Degree-of-Freedom (SDOF) system, m* (in 
[kN s2 cm� 1]), represent about 13% and 73% of the m* value estimated 
by 3Muri®, respectively for the X and Y directions. When looking at the 
mass transformation factor Γ, it is possible to observe a good agreement 
between these models in the X direction. In the Y direction instead, the Γ 
factor estimated by 3Muri® is 38% higher than that of 3D-Macro®. 
When comparing the total weight of each model, W, deviations lower 
than 0.1% were found between the considered models. 

The results presented in Table 2 highlight that the Y direction is, to 
the exception of limit state DL, the most vulnerable direction. Moreover, 
it is possible to observe that the influence of the orthogonal walls de-
termines an average increment of about 10% and 7% in terms of DL and 
NC limit states, respectively. This outcome appears to be consistent with 
the discrepancies registered between the two- and three-dimensional 

Fig. 11. Comparison of the damage pattern distribution in façade wall W3 in the þY direction and without accidental eccentricity, at the displacements corre-
sponding to limit states DL, SD, and NC (from left to right, respectively). 

Table 2 
Input parameters for the application of the N2 Method and the % ag values for 
each limit state and macroelement model.   

Dir. m* Γ  % ag 

DL SD NC 

þX 3.95 1.09 43.2 49.6 63.5 
-X   42.1 60.5 80.6 
þY 2.33 1.66 31.8 49.9 66.6 
-Y   30.4 51.0 68.0 
þX 4.64 1.07 33.1 99.8 133.1 
-X   33.4 61.6 82.2 
þY 4.03 1.20 48.4 55.6 72.3 
-Y   52.8 59.5 75.2 
þX 4.64 1.07 35.3 104.0 138.7 
-X   35.3 57.0 76.0 
þY 4.03 1.20 54.3 58.0 74.7 
-Y   61.4 66.9 85.4  
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models of 3D-Macro® in terms of initial stiffness and ultimate strength 
(see Section 6.1 and Section 6.2). 

With reference to the X direction, the average % ag value considering 
all the models investigated and both positive and negative loading di-
rections, resulted 32%, 62% and 82% respectively for limit states DL, SD 
and NC. In the Y direction instead, average % ag values of 40%, 49% and 
63% were estimated for limit states DL, SD and NC, respectively. 

The results in Fig. 12 compare, for all the models analysed, the % ag 
values obtained for the positive and negative directions of X and Y, 
respectively. In general, and contrarily to the results of 3D-Macro® 
models, in which very few limit states verify the safety requirements in 
terms of ag, in the case of the 3Muri® model, none of the limit states are 
verified. As demonstrated in Fig. 12, deviations are more significant 
when comparing the 3Muri® model and the three-dimensional model of 
3D-Macro®, varying in between -119% and 18%, respectively in the 
positive and negative direction of X. In the case of the Y direction, these 
deviations were estimated in -12% and -102%, respectively for the 
positive and negative direction. 

7. Discussion 

In this section the authors are going to summarise the main features 
that the examined software codes have in common, as well as the key 
aspects where they most diverge. These features are synthesised in 

Table 3. Furthermore, some of the most important advantages and 
drawbacks of each software code and the respective macroelement 
model are going to be scrutinised from the end-user viewpoint. 

Both software codes have in common the type of failure mechanisms 
available for masonry panels (diagonal and sliding shear failure and 
bending failure mechanisms). As for the range of analyses available, 
both software codes are pretty much alike. In fact, the most recent 
versions of both 3Muri® and 3D-Macro®, allow performing a multi- 
directional seismic assessment of a structure, by defining a set of 
nonlinear static analyses with a constant step of loading direction, 
usually referred to as “angular scanning” analyses. Moreover, both 
software codes allow the computation of pushover analyses at the wall 
level, a very handy feature, particularly when modelling masonry 
structures with flexible floors, where the global response of the structure 
is largely conditioned by the seismic capacity of its weakest wall. 
Additionally, it is worth referring that both 3Muri® and 3D-Macro® 
have a quite intuitive interface, facilitating the visualisation and oper-
ation during the modelling phase. Another differentiating aspect of these 
software codes, and perhaps one the most attractive, is the relatively low 
computational effort. 

Because the default models incorporated in 3Muri® and 3D-Macro® 
were developed to exclusively assess the in-plane global response of 
unreinforced masonry buildings, both software codes have an embedded 
module for the evaluation of local mechanisms. Without entering in big 

Fig. 12. Comparison of the % ag values for each limit state obtained along the positive and negative X direction (a and b, respectively) and the positive and negative 
Y direction (c and d, respectively), by considering the one-dimensional macroelement model of 3Muri®, and the two- and three-dimensional macroelement models of 
3D-Macro®. 
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details on this regard, as the assessment of local mechanisms is out of the 
scope of the present study, 3Muri® allows for the evaluation of both 
simple and complex overturning, while in the case of 3D-Macro®, only 
the first of the two is available. 

A major difference between these software codes concerns to the 
very conceptual definition of each macroelement. While 3D-Macro® 
resorts to two- and three-dimensional macroelements, in the case of 
3Muri®, where the equivalent frame model approach is adopted, the 
final 3D model is required to be closed, inhibiting modelling a wall 
without being connected in a “box-like” shape. Moreover, whenever an 
opening is inserted in a 3Muri® model, the ultimate drift is evaluated in 
function only of the deformable portion of piers, which is naturally 
smaller than the actual height of the wall due to the presence of a rigid 
node. This fact is believed to contribute to a less conservative estimation 
of the actual response of piers, as their geometrical configuration is 
slightly improved by inducing this “flattening” effect. In the case of 3D- 
Macro® instead, the resistant area of a given wall in the model is closer 
to the actual area of the wall. 

As discussed earlier in this study, the consideration of the tensile 
strength is indeed another major distinctive issue between these soft-
ware codes. While 3Muri® assumes a “no-tension” hypothesis for the 
flexural failure mechanism, the tensile strength has to be defined in 3D- 
Macro®. However, the sensitivity analysis carried out in this study 
demonstrates that contrarily to what expected, the consideration of a ftm 
close to zero (0.001 MPa) in the two-dimensional model of 3D-Macro® 
aggravates the discrepancy between this and the 3Muri® model, in 
which a no-tension hypothesis is assumed. 

Some of the main advantages of 3Muri® with respect to 3D-Macro®, 
consist on a few add-on modules offered in the latest version of this 
software code, namely concerning the selection of the calculation 
method, the possibility of using multiple processors, of performing 
sensitivity analyses, and also the possibility of using a wide number of 
seismic codes. Performing the calculation by using the FEM method 
(Finite Element Method), 3Muri® allows the selection of the calculation 
method, either by using dense or sparse matrices [22]. Performing op-
erations using dense matrix algorithms can take, in some cases, a long 
time and a large amount of memory. In this case, the use of sparse 
matrices can reduce the computational effort, both in terms of memory 

usage, and time spent in the operation. Moreover, this new module of 
3Muri® allows the possibility of performing simultaneously different 
calculations on multiple processors. However, while the incorporation 
of different seismic codes is fully established in 3Muri®, in the case of 
3D-Macro® minor upgrades regarding the editing of the seismic demand 
parameters according to each country National Annex of the EN 1998-1 
[48] are still needed, to extend its commercial use across borders. 

One of the main advantages of 3D-Macro® with respect to 3Muri® 
consists on the possibility of using the new three-dimensional model, 
which, as explained in this study, accounts for the combined response in- 
and out-of-plane. In this way, one of the main criticisms commonly 
addressed to existing simplified numerical strategies used for the 
simulation of seismic response of URM structures, related to the 
assumption of the so-called “box-behaviour” and that in-plane damage is 
the primary source of damage, is overcome. Indeed, this assumption is 
particularly questionable in the case of structures with flexible floors. In 
what regards the vertical load re-distribution, Bessi et al. [64] have re-
ported that 3Muri® appears to exacerbate the loads transferred from 
horizontal diaphragms to walls along walls’ axial stiffness, indepen-
dently from the direction of the floors’ warping, as a result of the EFM 
approach. Another substantial difference identified by Marques and 
Lourenço  [17], is that the methods implemented in 3Muri® for simu-
lating the interaction between macroelements through rigid nodes, as 
well as for modelling the cracked condition of panels (lumped at mid-
dle/end parts of the element), are improved when considering the 
two-dimensional model implemented in 3D-Macro®. 

8. Final remarks 

As it is known, the selection of a numerical tool for the seismic 
response assessment of unreinforced masonry structures is a very com-
plex and often non-consensual task that should be supported by 
weighing several aspects, namely the compatibility between the analysis 
tool and the study object, the type and the amount of input data, as well 
as the financial resources available and time constraints. Associated 
with these aspects, a knowledge of the main features and drawbacks of 
each model, as well the ability of the end-user to critically analyse the 
quality of both input and output data, is fundamental to guarantee the 

Table 3 
Comparison of the main features of 3Muri® and 3D-Macro® software codes.  

Set of features Feature 

In-plane failure mechanisms Flexural (rocking) ✓ ✓ 
Shear (diagonal cracking) ✓ ✓ 
Shear (sliding) ✓ ✓ 

Type of analyses Modal analysis ✓ ✓ 
Static linear ✓ ✓ 
Static nonlinear ✓ ✓ 
Angular scanning ✓ ✓ 
Dynamic nonlinear – – 
First mode mechanisms ✓ ✓ 

Modelling and calculation User friendly interface ✓ ✓ 
Closed geometry ✓ – 
Tensile strength – ✓ 
Multiple processors ✓ – 
Sensitivity analysis ✓ – 
Combined in- and out-of-plane response – ✓ 

Local collapse mechanisms Overturning (simple) ✓ ✓ 
Overturning (mixed) ✓ ✓ 
Vertical bending ✓ ✓ 

building codes EN 1998 (Eurocode 8) ✓ ✓ 
NTC (Italian code) ✓ ✓ 
SIA (Swiss code) ✓ – 

Section of verification Middle of the panel ✓ ✓(shear) 
Base of the panel – ✓(flexural) 

Distribution of vertical loads Along axial stiffness ✓ ✓ 
Along floors’ warping direction – ✓  

R. Maio et al.                                                                                                                                                                                                                                    



Journal of Building Engineering 29 (2020) 101083

15

efficiency of the analysis and the reliability of the results. 
By carrying out this study the authors aimed at providing a clear 

insight on the main features and drawbacks of three of the most widely 
used models for the seismic response assessment of unreinforced ma-
sonry structures based on the macroelement approach. Moreover, this 
study highlights the importance of critically analysing and double- 
checking the results obtained by considering different modelling as-
sumptions or even different analytical methods, and not just simply 
accept them blindly as an absolute output. 

In addition to the results obtained by these simplified models and 
from the seismic safety assessment viewpoint, it is essential to extend the 
assessment with complementary approaches at the local level, particu-
larly when dealing with UCH assets with flexible diaphragms and of 
complex geometry (at the façade or roof level, for example). In this 
sense, understanding the potential and limitations of different models 
and software codes available for the seismic vulnerability assessment of 
masonry structures it is fundamental to help choosing which software 
could possibly represent, in a more accurate way, the seismic response 
and the particularities of each case study in hands. 

In short, the results obtained from the modal analysis have shown a 
good agreement, in terms of natural frequencies, between the three- 
dimensional model of 3D-Macro® and the one-dimensional of 
3Muri®, with average deviations of about 10%. When compared to the 
remaining ones, the two-dimensional model of 3D-Macro® un-
derestimates the natural frequencies associated to the first and second 
modes (translation modes). 

The pushover curves of the two- and three-dimensional models of 
3D-Macro® showed a very similar behaviour, being the shear coeffi-
cient, Cb, slightly lower in the first model. When compared to the 3D- 
Macro® models, the one-dimensional model of 3Muri® tends to un-
derestimate the ultimate displacement capacity. 

With respect to the damage pattern analysis, it is worth highlighting 
that the plan scheme of the macroelement incorporated in 3D-Macro®, 
is believed to provide a more realistic interaction mechanism between 
spandrels and horizontal diaphragms (and floor-beams). 

The results in terms of seismic performance-based assessment are 
consistent with the discrepancies observed between the two- and three- 
dimensional models of 3D-Macro®, in terms of initial stiffness and ul-
timate strength. 

As a final comment, the authors would like to stress out that the use 
of models by macroelements, despite the limitations and assumptions 
herein identified and discussed, still offers a very interesting compro-
mise between computational effort and the accuracy in predicting the 
nonlinear response of existing masonry buildings, being also recom-
mendable, with due diligence, in the case of UCH assets. 
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