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This paper proposes a methodology to define code-based indicators of the seismic behaviour of existing masonry
structures. Given the geometrical information about the structure under investigation, the proposed method
performs real-time structural checks according to the EN 1998-1 — “General rules, seismic actions and rules for
buildings”. Then, modal analysis is performed to assess the structure’s dynamic behaviour under investigation
and to assist the user in defining retrofit measures. In this study, 103 masonry buildings located in Zagreb are

analysed, accounting for the cross-sectional area of load-bearing walls, geometric requirements for shear walls,
regularity of plan configuration and its symmetry, torsional effects induced by the distance of the centres of mass
and stiffnesses, and modal analysis. The workflow is implemented into the environment offered by Rhino3D and
Grasshopper, which allows for the parametric handle of a large set of information through object-oriented scripts,
and it can be valuable for both pre-earthquake and post-earthquake assessments of masonry buildings.

1. Introduction

Field surveys after earthquake events demonstrated how masonry
structures are prone to experience localised failure mechanisms, pro-
ducing some severe social and economic consequences, such as i)
physical loss of artistic and historical materials, ii) an immaterial loss of
memory and cultural identity for the people to whom that legacy “be-
longs”, and iii) difficulties in the action of the Civil Protection in
assisting the population affected by the disaster [1].

Therefore, in order to minimise losses arising from disasters, several
researchers focused on implementing advancements for performing
vulnerability analyses, simulating scenarios, reducing vulnerability,
carrying out a cost-benefit analysis, and developing emergency plans.
Regarding structural analysis, it might be performed at several scales
involving different pieces of knowledge and state-of-the-art numerical or
analytical tools [2,3,12-14,4-11].

For example, at the urban scale, Ferreira et al. [15,16] performed the
seismic vulnerability assessment of the old city centres of Faro and Sixal
in Portugal. They adopted a methodology based on the vulnerability
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index, which is used to evaluate structural behaviour at a regional scale.
Hundreds of buildings were assessed using this methodology, and the
results were post-processed using an integrated Geographical Informa-
tion System tool. Vicente et al. [17] stated that studies of urban centres
should be developed to identify building fragilities and reduce seismic
risk. As part of the rehabilitation of the historic city centre of Coimbra,
they completed the identification and inspection survey of old masonry
buildings.

Even deserving some practical utility, particularly regarding the civil
protection point of view, urban scale methodologies fail to assess the
actual behaviour of the specific building under seismic loads. In fact,
state-of-the-art recommendations underline the need for more refined
simulations at the structural level that require the use of sophisticated
advanced analysis methods, classified as numerical or analytical ap-
proaches [18]. Numerical approaches are typically implemented in the
Finite Element Method (FEM) [19-28] or Discrete Element Method
(DEM) [29-35] frameworks. FEM allows a more versatile application as
masonry can be represented either through a homogeneous equivalent
media (designated macro-modelling) or by a discrete representation of
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units and joints (designated as simplified micro-modelling). On the other
hand, DEM is well suited for masonries with both dry and mortared
joints [36-40].

However, such numerical schemes can be time-consuming and
computationally expensive, and in order to be adequately implemented
and achieve reliable results, a significant amount of data is needed to
characterise the non-linear response material constituents [41]. To
cover this issue, several research groups developed alternative model-
ling approaches and practical tools to decrease both the computational
time and the cost related to the material characterisation [22,42-45]. In
this framework, analytical approaches based on limit analysis represent
a valid alternative, having the great advantage of being independent of
many material properties but inevitably relying on a very simplified
material model [46-49]. However, limit analysis-based tools typically
neglect the structure’s global behaviour, only focusing on assessing a set
of local failure mechanisms [50,51].

The earthquakes in Croatia in 2020 demonstrated the need for rapid
and reliable structural assessment tools for existing masonry structures.
Three years after the Zagreb earthquake, the research community and
structural engineers must ponder the question: Do numerical and
analytical state-of-the-art methods provide reliable and fast structural
assessments of existing structures?

To cover the identified research gap, a digital tool is developed here
for rapid seismic assessment of masonry buildings. The proposed tools
allow architects and structural engineers to achieve rapid and high-
quality feedback in terms of structural performance, adopting as
criteria the requirements set by EN 1998-1 [52,53]. Such a tool might
play a ground-breaking role in defining a proper strategy for i) pre and
post-earthquake assessment of masonry structures, ii) identifying po-
tential retrofitting interventions, and iii) providing an estimation of the
costs for achieving a desired level of safety. To accomplish the objec-
tives, the framework described next has been followed:

o Identification of the requirements defined by the EN 1998-1 [52,53].

e Develop a visual program within a Rhino 3D + Grasshopper [54,55]
plugin able to perform a rapid check and assessment of the
geometrical requirements that influence the global behaviour of the
structure under investigation.

To enhance future processes, it will be incorporate an advanced
optimisation algorithm to effectively improve the floor plan, taking into
account the identified geometrical requirements and optimising the
global behaviour of the structure under investigation.

This paper is divided as follows. Section 2 presents the proposed
methodology and its implementation into a visual-based program. Sec-
tion 3 is devoted to validating the formulation through real case studies.
Finally, relevant conclusions are drawn in Section 4.

2. Description of the proposed algorithm

A current focus of the software industry is on defining parametric-
based methods to perform preliminary structural designs for new opti-
mised buildings with complex volumes and shells. However, a limited

1. Structural benchmark 2.
discretisation, iii) geometrical require-
ments

i) Floor-plan estraction, ii) walls 3. Eccentricity CM-CS
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number of studies in the literature have applied these methods to assess
the structural integrity of masonry structures [56]. Therefore, the main
challenge is to provide structural engineers and architects with easy-to-
use tools for evaluating the structural performance of buildings for pre-
and post-earthquake assessment. In this context, Generative Program-
ming (GP) appears as a reliable and efficient solution, being a pro-
gramming paradigm based on the code-reuse concepts, which implies
using the coding knowledge following the reusability principles.

In the following subsections, a GP paradigm is adopted for devel-
oping a Grasshopper [55] component for the rapid seismic assessment of
masonry buildings. Fig. 1 schematises the workflow of the proposed
methodology. Once the structural survey is performed, namely plan
layout, floor numbers and their inter-story height, the requirements set
by EN 1998-1 [52] are checked. Furthermore, as an output, the devel-
oped code provides the computational mesh to be used in Karamba 3D
[571, which allows for employing eigenfrequency analysis. The moti-
vation for performing eigenfrequency analysis is to visualise the build-
ing’s mode shapes and verify if the predominate modes have torsional
shapes (a complementary possibility is to estimate seismic spectral de-
mand, not considered at this stage). Finally, the user may perform a
preliminary definition of a possible retrofitting intervention defining an
optimisation problem that aims at minimising the distance between the
centre of mass and the centre of the stiffness to reduce torsional effects.
It should be noted that the latter is part of the proposed workflow, but it
is not considered in this research paper since it addresses only the
assessment stage.

The proposed workflow cannot be regarded as a detailed safety
assessment, though it provides an estimation of the building’s seismic
performance. Structural engineers and architects involved in pre- or
post-earthquake assessments can use the numerical outcomes of the
proposed procedure as a valuable starting point for making preliminary
recommendations to stakeholders or local authorities with regard to the
structural integrity of masonry buildings. One can note that simplified
methods require specific conditions, as discussed earlier, and should end
up with a conservative assessment since they are typically performed
without physically inspecting the buildings or with limited knowledge of
the investigated object, resulting in poor accurate evaluations. However,
the proposal tool can still identify highly vulnerable cases and prioritise
further studies in earthquake-prone regions.

2.1. Input data

As shown in Fig. 1, the first step is to analyse the floor plan of the
building. In the Croatian context, walls with a thickness smaller than
0.29 m are usually not considered able to carry loads as they just act as
vertical partitions. This is also the average minimum thickness value
recommended by EN 1998-1 [52] for masonry shear walls, which in-
dicates a value of 0.35 m for stone masonry and 0.24 m for other types of
unreinforced masonry [58]. For the sake of clarity, walls thicker than
0.29 m, i.e. load-bearing walls, are categorised into walls with hori-
zontal bearing capacity along the x-axis or y-axis. Such a stage is syn-
optically represented in Fig. 2, where walls are grouped parallel to the x-
axis (blue) and y-axis (green), respectively. The walls respecting such

4. FE model generation

- ==

5. Mode shapes

Fig. 1. Flowchart for a case study building.
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walls x direction

walls y direction
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Fig. 2. (a) Structural benchmark, (b) Walls’ in-plane direction identification.

minimum thickness conditions are listed and classified as having seismic
resistance.

2.2. EN 1998-1 requirements

The driven concept of the proposed procedure is the verification of
some of the rules set by the EN 1998-1 [52]. The fundamental idea
behind this choice is based on the concept that if an existing masonry
building respects such “basic principles of conceptual design” plus “rules
simple for masonry structures”, it will, most likely, inherently exhibit
good seismic behaviour.

As detailed next, the following requirements are considered: i)
minimum cross-sectional area of load-bearing walls; ii) geometric re-
quirements for shear walls; iii) regularity of the plan configuration; iv)
asymmetry; v) torsional resistance and stiffness.

2.2.1. Minimum cross-sectional area of load-bearing walls

The first geometric requirement considered is the minimum cross-
sectional area of load-bearing walls for simple masonry buildings
depending on the location and type of construction [52].

Depending on the product ag-S at the site, the type of construction,
and the number of storeys above ground, it is possible to determine the
minimum total cross-sectional area in two orthogonal directions.

Table 1 reports the information provided by EN 1998-1. From the
structural engineering point of view, when a building under investiga-
tion fails to adhere to this threshold limit, its seismic resistance perfor-
mance is probably compromised.

According to the EN 1998-1 [52], for buildings where at least 70 %
of the shear walls under consideration are longer than 2 m, the k factor is
given by k=1+(lpy —2)/4 <2 , where I, is the average length
expressed in meters, of the considered shear walls, in all other cases k =
1.

Table 1
The recommended allowable number of storeys above ground and minimum
area of shear walls for “simple masonry buildings” [52].

Acceleration at site a;-S <0.07kg <0.10kg <015kg <0.20k-g

Type of Number Minimum sum of cross-sectional areas of horizontal
construction of storeys shear walls in each direction, as a percentage of the
(n) total floor area per storey (Pa min)
1 2.0% 2.0 % 3.5% n/a
Unreinforced 2 2.0 % 25% 5.0 % n/a
masonry 3 3.0 % 5.0 % n/a n/a
4 5.0 % n/a* n/a n/a

** Roof space above full storeys is not included in the number of storeys.

Fig. 3 reports how to calculate p4 min once the cross-sectional area of
the shear wall for each direction is known.

2.2.2. Geometric requirements for shear walls

The proposed algorithm checks the geometric requirements, namely
the wall thickness, the ratio of wall height (assumed conservatively as
the inter-storey height) and thickness, and the ratio between wall height
and thickness. Table 2 reports the EN 1998-1 [52] recommended geo-
metric requirements for masonry shear walls, which have been imple-
mented into the Grasshopper [55] component. The proposed method
compares the value of the geometric requirements for each wall
belonging to the floor plan and provides a list of walls that do not meet
the requirements. Thus, each wall that does not respect even only one of
the three requirements is classified as unsafe.

2.2.3. Regularity of plan configuration and compact shape

Plan configurations characterised by a regular layout typically
exhibit better seismic behaviour. According to EN 1998-1 [52], further
rules for simple masonry buildings aim to define the plan configuration’s
regularity and have been implemented in the proposed workflow. As
suggested by EN 1998-1 [47], in order to consider the plan configura-
tion as regular, the shape should be approximately rectangular, and the
ratio between the length of the smaller side and the larger side should
not be smaller than a minimum value A,;, = 0.25.

A further check regards the control of whether the plan shape may be
considered compact or not. If the ratio between the green and blue areas,
represented in Fig. 4, is smaller than 15 %, the plan configuration can be
considered compact, which indicates good seismic behaviour.

2.2.4. Asymmetry

Some of the basic principles of conceptual design are not precisely
defined in EN 1998-1 [52]; hence, the Asymmetry index has been
defined for the sake of the proposed methodology, as shown in Fig. 5.
Namely, the floor plan is divided into four parts (Fig. 5a), and for each
quadrant, the area of the wall within that quadrant indicated as
subscript (Agnwan) is calculated (Fig. 5b). Then, the structure under
investigation is considered asymmetric if the following inequalities are
satisfied:

[(Agtwat + Agzswar) = (Agsawa + Agawart) |
max{ (Agt wai + Agzatt) > (Agswatt + Agaowat)

>0.1 along x direction D

}(Aql,wazl +Aq3,wau) - (AqZ.waIIZ + Aq4.wa11) ‘
max{ (Agtwan + Agaawan) » (Aqzaar + Agaart) }

>0.1 along y direction (2

2.2.5. Torsional resistance and stiffness
The seismic torsional response can lead to unfavourable behaviour, i.
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Fig. 3. Graphical interpretation of the percentage of the cross-sectional area of load-bearing walls.

Table 2

Geometric requirements for masonry shear walls by EN 1998-1 [52].
Masonry type tefmin (Mm) e/t max  (I/h)
Unreinforced, with natural stone units 350 9 0.50
Unreinforced, with any other type of units 240 12 0.40
Unreinforced, with any other type of units, 170 15 0.35

of low seismic intensity (i.e. peak ground
acceleration lower than 0.20 g).

ty is the wall thickness.

hes is the effective height of the wall.

h is the greater clear height of the openings adjacent to the wall.
lis the wall length.
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Fig. 4. The compact shape of the building.

e. generating fragile and localised failure mechanisms. The vector dis-
tance between the centres of mass and stiffness is a relevant marker to
address the likelihood of a structure being affected by such torsional
modes [60]. To achieve this task, the proposed method quantitively
measures the vector distance between the centres of mass and stiffness.
Operatively, a list of all the load-carrying walls is generated by col-
lecting information such as mass m and centre of gravity coordinates x,y.
Such data are used within equations (3) and (4) to calculate the centre of
mass of the structural system:

_ Zx,»-m,-

Xy =
M Zmi

3

_ Ty @

The information contained in the list mentioned above is used to
calculate the centre stiffness of the structural system by implementing
the following equations:

Xcs = % 5)
Yes = % (6)

The distance between the centre of mass and the centre of stiffness is
thus calculated, and their x and y components are expressed as a per-
centage of the building length in x and y, respectively.

2.3. Finite element discretisation and eigenfrequency analysis

The loading bearing walls are sorted in a list, and a finite element
discretisation using shell elements is performed using the Karamba 3D
[57] component for Grasshopper. Since these are load-bearing walls that
extend from the base to the top of the building, it is possible to raise the
entire building model by defining the following input parameters: the
number of storeys, the height of each floor, and slabs thickness. After
selecting the input parameters, the user has to define an adequate
computational mesh discretisation. As part of this paper, all primary
structural elements are slabs and walls, defined as shell elements
(Fig. 1). One should note how the connections between perpendicular
walls have been modelled as having infinite stiffnesses, considering that
the building stock under investigation in the Croatian context did not
show this as a relevant issue; however, the user can set it to a finite value
if an accurate assessment is performed. A similar consideration regards
the floors’ stiffnesses.

To solve the eigenvalue problem, the user must define each load-
bearing wall’s material properties and the loads. The material is cho-
sen from a database in Karamba [45] or can be defined manually based
on the masonry typology [61]. Once the numerical model is automati-
cally generated, Karamba 3D [57] performs the eigenfrequency analysis
(Fig. 1).

3. Application of the proposed methodology to Zagreb
This section demonstrates the potential of the proposed workflow

through its application to real case studies and allows exploring the
panorama of the existing Croatian building stock.
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Quadrant 1 ‘ ‘

(b)

Fig. 5. Asymmetry check: (a) division of the plan into four quadrants, (b) area of the walls for Quadrant 1.

3.1. Case studies and building typology

The 1880 earthquake with My, of 6.3 struck Zagreb, also known as
The Great Zagreb earthquake, and caused significant damage to the
city’s building stock (over 1700 buildings were damaged). Architects
and builders from all over the Austro-Hungarian Empire were called
upon to help with the reconstruction process. Their actions significantly
changed the city’s appearance, with many of the old, narrow streets and
buildings being completely re-designed. Reconstruction took several
years, and some buildings were not fully restored until the early 1900s.
Such a long period for the reconstruction included various architectural
styles across this historical period to reconstruct Zagreb. Specifically,
during the renovation and reconstruction after the earthquake, there
was a shift toward a more uniform and standardised architectural style
known as Historicism, followed by Secession and Modern movements in
subsequent years.

e Historicism (1880-1914) was characterised by the use of traditional
materials such as brick, stone, and stucco, as well as a preference for
ornate facades, columns, and pediments. Buildings from this period
often have asymmetrical facades and variable rooflines, reflecting a
departure from the strict symmetry of earlier architectural styles. In
addition, many buildings from this period have large windows and
high ceilings.

Secession (1895-1918), also known as Art Nouveau, was a popular
style in Zagreb during the turn of the 20th century. The facades of
Secession buildings are often asymmetrical and feature decorative
elements such as wrought-iron balconies, floral patterns, and sculp-
tural details. Structurally, the Secession in Zagreb was characterised
by the introduction of reinforced concrete and steel materials, which
created more complex forms and structures. The use of large win-
dows, open floor plans and natural lighting was also common. Brick
walls with wooden floors and roofs still predominated in residential
buildings.

In the interwar period, Modernism (1918-1940) became the pre-
dominant architectural style in Zagreb. It is characterised by using
simple forms, clean lines and emphasis on functionality over orna-
mentation. In the residential sector, the load-bearing walls are still
made of brick masonry, but the floor structures are increasingly built
of concrete. The influence of Modernism in Zagreb continued well
into the second half of the century.

While Historicism, Secessionism, and Modernism are perhaps the
most known, several other architectural styles were prominent in the
city until the 1940s. Indeed, different styles, such as Art Deco, National
style, Neo-Baroque and Neo-Renaissance, also significantly influenced
the city’s architecture during this period. Moreover, many of these styles
were sometimes applied simultaneously, resulting in buildings with a
mixture of architectural elements.

It is worth clarifying that classifying buildings into distinct archi-
tectural styles allows exploring whether style changes correspond to
new structural concepts, such as an increased percentage of walls or

other design elements. For this work, the data on buildings and building
typologies were obtained through archival blueprints and actual reno-
vation projects of earthquake-damaged buildings, which were provided
to the authors by structural engineering companies located in Zagreb.

3.2. Results from 103 buildings

The procedure described in Section 2 is tested on a total of 103
masonry buildings. These case studies encompass structures constructed
during the period from 1864 to 1940, representing three distinct
architectural styles, namely Historicism, Secession, and Modernism.

Each building under investigation features unreinforced masonry
and timber floors/roofs, spanning 3 to 4 stories. The prevailing con-
struction material utilised was brick masonry walls, units bonded with
lime mortar, with varying thicknesses ranging from 0.75 m to 0.30 m.
Notably, the thickness of these walls decreases as one ascends the height
of the building. Regarding the reference coordinate system, the adopted
assumption is that the x-direction is always parallel to the neighbouring
street, as shown in Fig. 6.

The proposed tool offers rapid processing, enabling almost real-time
results once the input parameters are precisely defined. The outcomes
are presented through diagrams, effectively sorting buildings based on
their construction year and grouping them according to distinct archi-
tectural styles.

Fig. 7a shows the results for the in-plan wall area. One should note
that the PGA at the site is 0.26 g, which is higher than the maximum PGA
shown in Table 1. In this case, for the sake of safety check, the minimum
value of pamin = 5% has been considered. In fact, during rapid post-
earthquake assessments conducted in Croatia, the 5 % threshold was
adopted as a reference value for a preliminary evaluation of the cross-
sectional area as a percentage of the total floor area in order to cate-
gorise those buildings as unsafe. However, such a threshold could be
modified based on the different structural engineering assumptions or
interpretations that could change based on the boundary condition in
which the buildings are being investigated.

The value of psmin = 5% has not been respected for 12 % of the
buildings in the x-direction and 16 % in the y-direction. It is worth
noting that by changing the limit value of 10 % of the in-plane wall area,
it has not been respected for about 75 % of the buildings in the x-di-
rection and in the y-direction.

Fig. 7b presents the cumulative frequency analysis for the data ob-
tained solely along the x-direction. It is evident that both the total curve
(i.e. ’Global’) and the individual curves, where buildings from different
architectural periods are grouped into separate bins, clearly follow the
same trend. This demonstrates that the architectural styles did not
significantly affect this particular indicator.

Fig. 8a measures the percentage of shear walls that do not respect the
rules outlined in Table 2. Specifically, the analysis examined minimum
wall thickness (t,) and ratios (h./t,s) and (I/h). The suggested approach
involves evaluating the geometric criteria for each wall in the floor plan
and generating a list of walls that fail to meet these requirements.
Consequently, any wall that does not meet even a single one of the three
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Fig. 8. Percentage of shear walls not complying with all three geometric requirements reported in Section 2.2.2: (a) value for each building, (b) Cumulative fre-
quency analysis.
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Fig. 9. Compact shape index as defined in Section 2.2.3: (a) value for each building, (b) Cumulative frequency analysis.

requirements is categorised as unsatisfactory.

For the majority of the cases, the minimum wall thickness criterion is
the primary factor out of the three mentioned ones. This underscores the
crucial role that wall thickness plays in ensuring the structural integrity
of masonry buildings during earthquake events. In all case studies, more
than 20 % of walls are thinner than they should be. Overall, 40 % of the
walls do not meet the geometric requirements. It should also be noted
that shear walls not conforming to the geometric requirements from
Table 2 may be considered secondary seismic elements for an eventual
FE structural analysis.

As demonstrated by the previous indicators, the cumulative fre-
quency analysis in this case also reveals a distinct homogeneity among
the samples, despite belonging to different architectural periods
(Fig. 8b).

As illustrated in Fig. 9a, the buildings’ compact shape analysis
revealed that 24 % of the case studies do not satisfy the criterion
described in Section 2.2.3.

Regarding the cumulative frequency analysis, Fig. 9b illustrates that
during the Historicism period, the sample of buildings exhibits a lower
level of homogeneity. This is evident from the curve having a slightly
smaller slope compared to the other two architectural periods. The
findings imply that architects during the Secession and Modernism pe-
riods exhibited a heightened awareness of the compact shape charac-
teristics in residential buildings, resulting in a more standardised sample
distribution within those specific periods.

Fig. 10a shows the buildings’ plan aspect ratio, defined as a non-
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dimensional coefficient calculated as the ratio between the shorter
and longer sides of the building. According to EN 1998-1, the minimum
value allowable is A, = 0.25, and it is satisfied the criterion that all
buildings satisfy. Fig. 10b, demonstrates how the sample distribution is
quite homogeneous across the three considered architectural periods.

Fig. 11a represents the results regarding the analysed buildings’
uniformity in both directions. Even though EN 1998-1 [52] does not
prescribe this requirement, such a check has been implemented in the
proposed digital tool since asymmetric systems typically do not behave
satisfactorily. As shown in Fig. 11a, the buildings under consideration
exhibit a significant lack of symmetry in at least one direction, having an
asymmetry index as defined in Section 2.2.4 greater than 0.1. Such a
trend indicates possible large torsional effects due to the geometry ir-
regularities. On the other hand, the cumulative frequency analysis un-
derlines how the Modernism sample has overall smaller asymmetry
index value, demonstrating how passing the years, designers were more
concerned regarding this important structural indicator (Fig. 11b).

In this regard, Fig. 12a shows the distance vector between the centre
of mass and the centre of stiffness of the buildings under consideration,
expressed as a percentage of the building length in the x and y directions,
respectively. Results are in agreement with those related to the asym-
metry index since the eccentricity tends to be slightly reduced between
the Historicism and the Modernism samples.

Finally, Fig. 13a shows the fundamental period, computed via the
modal analysis for each building, expressed in seconds. A noticeable
trend emerges, wherein the fundamental period tends to increase as
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Fig. 10. Plan aspect ratio as defined in Section 2.2.3: (a) Plan aspect ratio value for each building, (b) Cumulative frequency analysis.
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Fig. 11. Asymmetry index as defined in Section 2.2.4: (a) Asymmetry value for each building, (b) Cumulative frequency analysis.
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Fig. 12. Eccentricity centre of mass centre of stiffness: (a) value for each building, (b) Cumulative frequency analysis.

passing from Historicism to Secession to Modernism (Fig. 13a and b).
This trend is attributed to the advancements in construction techniques
seen during these architectural eras. Over time, better engineering
practices have been adopted, resulting in improved connections be-
tween structural elements and enhanced material strength. As a result,
architects have been able to construct resilient buildings, even if more
slender, and thus capable of withstanding various dynamic forces and
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seismic events more effectively.

Overall, the sample of buildings analysed appears quite consistent in
terms of indicators adopted to measure their seismic performance. In
fact, buildings belonging samples of buildings belonging to different
architectural period behaves similarly. Table 3 summarises the results,
where the mean value and the standard deviation are reported for each
indicator investigated.
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Fig. 13. Fundamental period: (a) Fundamental period value for each building, (b) Cumulative frequency analysis.
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Table 3
Summarised results from 103 buildings.

Structures 58 (2023) 105372

Architectural period In-plan wall area (%) Asymmetry (%) Eccentricity (%)

Plan aspect ratio (-) Compact shape (%) Walls do not meet the requirements (%)

X y X y X y
Historicism  Avg 7.78 7.78 19.97 17.69 3.15 4.66 1.37 12 41.4
StDev  3.26 3.80 13.71 15.38 2.53 3.04 0.36 0.14 10.13
Secession Avg 9.05 7.88 19.41 12.18 3.39 475 1.39 13 40.8
StDev  3.55 2.74 15.18 13.44 3.89 294 0.34 0.12 14.94
Modernism Avg 8.78 8.72 16.08 15.30 294 393 1.46 10 39.3
StDev ~ 2.74 4.56 12.47 13.41 2.78  3.03 0.53 0.09 10.50

4. Conclusions

Digital processes and analytical methodologies, such as parametric
design and visual programming, have great potential in the construction
sector and structural design. This is because the methods are easy to
apply, user-friendly, and efficient. Parametric design tools have proven
useful in high-rise buildings’ architectural and structural design but can
also be used in various fields of structural engineering, such as the
seismic assessment of existing masonry structures.

The recent earthquakes in Croatia have highlighted the need for
efficient post-earthquake assessment tools. Therefore, this paper pre-
sents an easy-to-use approach to check seismic safety requirements and
indicators set by EN 1998-1 [52]. The proposed method enables effi-
cient assessment of the buildings’ geometric characteristics and gives an
overview to a designer if the existing masonry building is safe according
to the adopted standards. One can note that a significant advantage of
the proposed methodology for assessing masonry buildings’ seismic
vulnerability is its flexibility and adaptability to different norms and
standards. The procedure is integrated into an easy-to-use digital tool
through a visual program implemented in Grasshopper [55]. In order to
perform the assessments, the user needs to define, along the floor layout,
only a few additional pieces of information, such as the number of sto-
reys, slab and wall thicknesses. Once the knowledge of some data for a
certain problem is achieved, the analysis and printing of the results are
almost instantaneous. The main automated outputs are symmetry check,
compactness, percentage of the walls in two directions, building slen-
derness, vector of eccentricity between the centre of mass and stiffness
and wall thicknesses. Furthermore, global dynamic behaviour is iden-
tified through modal analysis. Depending on the model’s degree of
detail, the assessment can be more accurate and upgrading the model is
a continuous research goal.

The proposed procedure has been tested by assessing 103 residential
buildings located in Zagreb. Analysing the structural indicators allows
practitioners to identify the similarities and differences in structural
design across the three different periods and calibrate appropriate ret-
rofitting solutions to improve seismic resistance.

One should note how the proposed approach does not aim to perform
an accurate seismic assessment but rather to define strategies and help
stakeholders to drive the decision-making regarding investment plans.
Furthermore, this tool has the advantage of giving professionals a pre-
liminary idea regarding the structural behaviour of the structure,
driving decisions regarding investment in destructive or non-destructive
tests to perform a proper seismic assessment of masonry structures.

In terms of future development, a module to input the material
characteristics obtained by destructive or semi-destructive methods can
easily be incorporated into existing models. An exciting component of
the construction profession would be upgrading the model with different
ways and materials to reinforce the existing structure (e.g. fibre, fibre-
reinforced polymers, etc.). On the sustainability side, an additional
module that calculates the amount of CO; embodied (or removed)
would be useful for presenting European sustainable design goals.
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