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Abstract

This article introduces the "Pre-seismic Survey Form for Masonry” (PRISM), a simplified tool for evaluating masonry
structures. It aims to be user-friendly for both experienced surveyors and beginners. The primary objective is to develop
PRISM as an efficient means of gathering relevant data that influences the diverse behaviors exhibited by masonry
structures, covering both structural and non-structural aspects. PRISM's development involves a parametric method for
identifying critical parameters by analyzing drift results from the response spectrum and horizontal static analyses. These
analyses are performed on common masonry structures in European Mediterranean nations. The study investigates various
factors, including facade openings, materials around openings, wall thickness, ground type, ground acceleration (g), and
principal structural material. By examining 300 2D models created in SAP2000, correlations in structural responses are
established. The findings of the parametric analysis significantly enrich the qualitative and quantitative comprehension of
structural responses. This advancement contributes to the contemporary knowledge of prevalent masonry structures within
European Mediterranean regions. The PRISM survey form employs a numeric rating scale format. Notably, PRISM enables
surveyors to access field results, minimizing reliance on computers quickly. The form's design also ensures accessibility
and data reliability, making it universally applicable while maintaining simplicity.
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1. Introduction

Masonry structures have played a fundamental role in shaping the architectural landscape of Mediterranean European
countries, representing an embodiment of cultural heritage and historical significance [1]. The preservation of historical
masonry structures has triggered extensive discussions, particularly in the past fifty years, due to their unquestionable
significance in social and economic aspects [2]. These structures, characterized by their unique construction techniques
and the use of traditional building materials, have stood the test of time, withstanding numerous natural and
anthropogenic hazards throughout the centuries. However, one prominent threat looms large over these structures:
earthquakes. The Mediterranean region is known for its high seismic activity, often resulting from collisions between
the Eurasian and African tectonic plates [3]. Consequently, masonry structures in this region face substantial
vulnerability to seismic events, necessitating a comprehensive understanding of their seismic risk profiles. Without
adequate risk assessment methodologies and strategic mitigation plans, these invaluable structures risk severe damage
or complete loss in a significant earthquake [4].
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Recognizing the urgency to safeguard the national heritage embodied within these masonry structures, it is
imperative to develop innovative approaches that combine advanced seismic risk assessment techniques [5-7], geospatial
technologies and artificial intelligence programming [8-10], and pre-seismic survey forms [11]. The synergy between
these components can significantly contribute to creating exposure maps, enabling decision-makers and stakeholders to
identify high-risk areas and prioritize retrofitting measures effectively [12, 13]. By adopting a proactive stance,
Mediterranean European countries can minimize potential loss, enhance resilience, and preserve their invaluable cultural
heritage for future generations.

This paper aims to introduce a simplified pre-seismic survey form for masonry structures, utilizing a parametric
(numerical) analysis conducted with the assistance of SAP2000 software [14]. In this analysis, 2D models were
developed and subjected to horizontal static and dynamic loading through response spectrum analyses, with variations
in structural and non-structural components being tested.

This study aims to introduce a user-friendly pre-seismic survey form called PRISM (Pre-Seismic Survey Form for
Masonry) for masonry structures. The goal is to use this tool to ensure minimal safety requirements are met to withstand
earthquakes. It is anticipated that PRISM can be efficiently utilized by experienced surveyors, as well as students or
junior engineers, to perform visual inspections and promote regular monitoring of buildings. In several countries,
obtaining information on both structural and non-structural components of a building is challenging, as census data are
often restricted for private use or the land survey department's functionality needs to be improved. The essential
advantage of this survey form lies in its user-friendly and efficient completion process and scoring system, which enable
quick retrieval of results.

2. Structural Materials

Load-bearing masonry structures hold significant historical significance in numerous Mediterranean countries.
Despite these countries' varying sizes and economic strengths, including Cyprus, Malta, Greece, Portugal, Italy, and
Spain, they all showcase a remarkable abundance of structures primarily constructed before the 1960s using load-bearing
masonry techniques. The choice of structural materials in these regions varied based on the local environment and
prevailing weather conditions, contributing to the distinctive character of each place. In warmer and drier climates,
constructions crafted from adobe and tufa [15] are commonly found, whereas stone structures become more prevalent
as we move further north. Factory-produced materials such as concrete blocks and clay bricks have emerged in recent
years. Around 2000, a novel material, Aerated Concrete Masonry [16], or Alpha Block, appeared.

Adobe stands out as one of the most sustainable building materials, composed of locally abundant earth-based
resources. However, its handmade nature makes it the most "unpredictable” material, as the mixture ratios and
ingredients can vary even in neighboring areas. Stone masonry is environmentally friendly, typically sourced from
nearby regions or rivers. Stones were stacked on each other, with or without a binding mixture, known as dry-stone wall
construction. Constructions of adobe or stone are traditionally more massive than today's buildings, and their behavior
during an earthquake is difficult to define. Tufa played a central role in the traditional architecture of many southern
Mediterranean regions. These stones were minimally processed to ensure better fitting. Certain buildings, particularly
public structures, exhibit a higher level of stone processing. However, generally, walls were predominantly constructed
with partially or entirely uncarved stones. Carved stones were only employed at corners and openings to reinforce the
weakest sections of the structure. It is essential to highlight that these structures, lacking seismic considerations,
represent the most vulnerable aspect of load-bearing masonry construction.

New regulations, such as EC6, consider more modern materials like concrete blocks, clay bricks, and alpha blocks.
These materials have gained recognition and are considered in the context of building codes and regulations. EC6
(Eurocode 6) specifically addresses the design of masonry structures and provides guidelines for using various masonry
materials, including concrete blocks, clay bricks, and other contemporary products like alpha blocks.

Each primary construction material exhibits distinct mechanical properties (Table 1) and construction methods. The
referenced values shown in Table 1 have been derived from existing literature sources [17-20].

Table 1. Mechanical characteristics of the structural materials

Adobe  Aerated Concrete  Clay bricks  Concrete blocks Stone Tufa
Density (kg/m°), d 1300 500 1890 2345.35 2360 1270
Modulus of Elasticity (kN/m?), E 18000 1500000 5170000 2550000 2080000 5070000
Poisson ratio, v 0.30 0.2 0.2 0.19 0.2 0.28
Shear Modulus (kNm?), G 6923 625000 2154167 1071429 866667  1980468.80
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In the case of residential buildings, the thickness of the external masonry varies depending on the chosen material.
For instance, load-bearing masonry constructed with adobe, tufa, or stone typically had a minimum thickness of 40 cm,
but it could reach up to 80 cm. On the other hand, walls composed of materials like concrete blocks, clay bricks, and
alpha blocks had a thickness ranging from 20 to 25 cm.

These structures encountered a significant challenge due to inadequate connectivity between the intersected walls
and accumulated stresses within the primary masonry structure. Even without seismic regulations, it was evident that
adobe and tufa constructions were highly susceptible to earthquakes. To address this issue, one technique employed
involved the insertion of timber (wooden) ring beams (TRB) along the height of the wall, typically positioned at 0.8-1.2
m intervals [6]. Cypress was commonly utilized for these beams due to its specific material properties. The Young's
modulus (E) of the cypress was measured to be approximately 10.98GPa, Poisson's ratio (v) of 0.18, and the density of
the cypress was determined to be 500 kg/m3. This approach aimed to stabilize the structure and minimize displacement
during seismic events.

After an on-site investigation in a region of Cyprus for the ISTOS [21] project purposes, it was observed that the
openings of the load-bearing masonry structures are at most 30% of the total surface area of each face. This observation
mainly concerns residential buildings, most of which were made of adobe and, to a lesser extent, stone and tufa, which
follow the same pattern. It was also noted that the primary material of the opening frames (Table 2) was wood and
aluminum, with some exceptions where PVVC and fiberglass were used [22-25].

Table 2. Mechanical properties of the opening's frame materials

Aluminum  Fiber-glass PVC Wood
Density (kg/m®), d 2710 1850 480 2490
Modulus of Elasticity (kN/m?), E 69000000 2800000 9200000 86000000
Poisson ratio, v 0.33 0.32 0.47 0.22
Shear Modulus (kN/m?), G 25939850  1060606.10 3129251.70 35245902

3. Methodology

The methodology comprises various steps described below. To commence, a pivotal undertaking involved defining,
based on a thorough literature review, the primary masonry typologies prevalent in Mediterranean countries. This
encompassed identifying the critical structural and non-structural components that influence structural behavior and
delineating the mechanical properties of principal construction materials. The process entailed crafting 2D Finite
Element models within the SAP2000 software. Two types of analyses were executed with a focus on interstorey drift as
a pivotal metric. The first centered around a static analysis, wherein factors such as facade openings, the corresponding
framing around these openings, and the role of timber ring beams within adobe masonry structures were taken into
meticulous account. The second encompassed a dynamic analysis, leveraging response spectrum techniques. This facet
also incorporated considerations of ground type and ground acceleration. These facets collectively yielded various
results, consistently anchored by the interstorey drift metric. The decision was made to standardize the values against
the "immediate Occupancy" damage limit state, specifically designed for load-bearing masonry structures to enable
meaningful comparisons. Employing this normalization procedure, a set of scoring system tables was derived. These
tables encompassed the initial scoring values associated with a structure, predicated on the underlying ground
acceleration and ground type.

Moreover, they encompassed a reduction factor applicable to adobe structures fortified with timber ring beams. The
tables also incorporated correction factors contingent upon the extension of facade openings and multiplication factors
to account for diverse framing materials around openings, some of which contribute to resisting horizontal loads. The
overarching goal of this endeavor was to produce a streamlined survey form tailored for masonry structures. This tool
empowers surveyors to promptly gauge the vulnerability status of the structure under assessment, thereby encapsulating
the extensive insights gleaned from this comprehensive methodology. The entire process outlined above is visually
represented in the accompanying flowchart provided in Figure 1 below.

The current state of practice favors employing macro-modeling as the preferred approach to advance the
development of the models. In order to implement the parametric analysis, 300 2D finite element models were created
in SAP2000. The dimensions of the fagade were defined as 3m in height and 6m in length. The masonry walls were
simulated as a homogeneous and isotropic continuum material [26] using shell elements implementing the Mindlin/
Reissner formulation [27], which accounts for the shear deformations in the elements. A 10cm x 10cm grid mesh has
been implemented to achieve optimal results. To ensure balanced displacement on both sides, a diaphragmatic constraint
has been applied to the upper section of the wall.
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Figure 1. Integrated Methodology Flowchart for Assessing Mediterranean Masonry Structure Vulnerability

Load-bearing masonry structures must be designed and planned to effectively distribute vertical and dynamic forces
across the entire masonry area. The size of openings on each face should be reasonably limited to ensure optimal

resistance to seismic loads. During the on-site inspection, it was evident that these openings typically did not exceed 25-
30% of the face's total surface area.

Considering the above, the initial stage consisted of 6 different models (Figure 2), representing the facade of a house
made of load-bearing masonry, which were separated according to the percentage of openings (Table 3) covering the
total surface of the facade. The primary objective was to quantitatively assess how the stiffness is affected by different
opening sizes in the face. By doing so, we could gain valuable insights into the structural behavior and the degree of
stiffness reduction associated with varying opening sizes. The models mentioned above were combined with the 6 + 1
(adobe with timber ring beams) main structural materials considered in this research and characterized by different
mechanical characteristics. The purpose of this first test was to extract a first estimate of the extent to which the width
of the openings reduces the stiffness of the structure based on the displacement (Table 4) after the application of a static
load of 20kN and also to create a table with the percentage reduction of stiffness (Table 5). The typical wall thickness
encountered in each of the above cases was considered during the analysis.
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No Openings 9% Openings

21% Openings 30% Openings

44% Openings 56% Openings

Figure 2. Facade's view

Table 3. Extension and dimension of facade's openings

Opening'srange No. Door's dimensions (m) No. Window's dimensions (m)  Total extend (%)

<10% - - 2 08x1 9
10% - 25% 1 1x22 2 08x1 21
25% - 30% 1 1x22 2 14x1 30
30% - 50% - - 2 1.8x22 44

>50% 1 1x22 2 1.8x22 56

Table 4. Displacement (m) of the single storey 2D model after the lateral static load analysis

% Openings

Material
0% 9% 21% 30% 44% 56%
Adobe 0.005 0.008 0.011 0.018 0.036 0.15
Adobe with TRB 0.005 0.0067 0.009 0.012 0.028 0.12
Alpha blocks (thickness 20cm) 0.0001 0.0002 0.0003 0.0004  0.0007 0.0035

Clay brick (thickness 20cm) 3.44E-05 5.43E-05 7.6E-05 0.0001 0.0002 0.001
Concrete blocks (thickness 20cm) ~ 1.36E-05 2.04E-05 29E-05 4.6E-05 9.2E-05 0.0004
Stone 4.27E-05 6.7E-05 9.4E-05 0.0002 0.0003  0.0013

Tufa 1.83E-05 2.78E-05 4E-05 6.3E-05 0.0001  0.0005
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Table 5. Percentage decrease of wall's stiffness based on the opening's surface

% Openings

Material
0% <10% 10%-25% 25%-30% 30%-50% >50%
Adobe 0.00 -0.01 -0.01 -0.03 -0.06 -0.29
Adobe with TRB 0.00 0.00 -0.01 -0.01 -0.05 -0.23
Alpha blocks (thickness 20cm) 0.00 -0.01 -0.02 -0.03 -0.06 -0.34
Clay brick (thickness 20cm) 0.00 -0.01 -0.01 -0.02 -0.05 -0.28
Concrete blocks (thickness 20cm) 0.00  -0.01 -0.01 -0.02 -0.06 -0.28
Stone 0.00 -0.01 -0.01 -0.04 -0.06 -0.29
Tufa 0.00 -0.01 -0.01 -0.02 -0.04 -0.26

The subsequent phase examined how the openings' structural framework influences the wall's lateral response and,
consequently, its resistance against horizontal forces. As previously mentioned, a recent survey of buildings in one
municipality in Nicosia (Cyprus) revealed that most load-bearing masonry structures feature a fagade with openings
occupying approximately 25-30% of the total surface area. Thus, it was decided that the upcoming analysis would focus
on models incorporating these particular percentages. As stated in Section 2, the window frames were observed to be
constructed using four different materials: wood, aluminum, PVC, and fiberglass. These elements surrounding the wall
openings were modeled using frame elements. The frame section was developed using the Section Designer feature of
the SAP2000 software, with dimensions of 5cm x 5¢cm. To assess the impact of the frames, a static horizontal load of
20 kN was applied after installing the windows in the wall openings. The goal was to observe the contribution, if any,
of each material against the horizontal displacement. The analysis results are summarized in Table 6, which presents the
initial displacement without the frame elements around the openings, the displacement with the frame implementation,
and the percentage of contribution from the frames in each case.

Table 6. Contribution of different frame types against horizontal displacement (m)

Opening's Frame Material

Structural material Aluminum Fiberglass

With Without  Contribution (%) With Without  Contribution (%)

Adobe 0.0074 0.018 59 0.0071 0.018 60
Alpha block 0.0003 0.0004 25 0.0003 0.0004 25
Clay brick 9.6E-05  0.0001 4 9.3E-05  0.0001 7
Concrete block 41E-05 4.6E-05 11 4E-05 4.6E-05 13
Dry-stone 0.00012  0.0002 44 0.00014  0.0002 43
Tufa 5.4E-05 6.3E-05 14 5.3E-05 6.3E-05 16

Opening's Frame Material

Structural material PVC Wood

With Without  Contribution (%) With Without  Contribution (%)

Adobe 0.011 0.018 39 0.009 0.018 50

Alpha block 0.0004 0.0004 0 0.0004 0.0004 0

Clay brick 0.0001 0.0001 0 0.0001 0.0001 0

Concrete block 4.6E-05 4.6E-05 0 4.6E-05 4.6E-05 0

Dry-stone 0.00015  0.0002 25 0.00014  0.0002 30

Tufa 6.2E-05 6.3E-05 16 6.1E-05 6.3E-05 3

Additionally, 2D models were generated for two-roof buildings to study their behavior accordingly. However, in this
scenario, the displacement of the upper slab was not recorded. Instead, the inter-story drift, as defined by EC8 (Eurocode
8), was measured. Table 7 presents the interstorey drift values in meters for each type of masonry, categorized by the
main structural material and the width of the openings. Notably, materials with a low Young's modulus, like adobe and
alpha block, exhibit significantly larger interstorey drifts than other materials, particularly when the width of the
openings exceeds 50%. Table 8 presents a normalization of the values based on the model without openings. The purpose
is to analyze and deduce the reduction in stiffness for the models with larger openings, expressed as one less coefficient
unit in percentage. This allows us to observe the relationship between the stiffness reduction and the size of the openings
more effectively.
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Table 7. Displacement (m) of the 2D 2storey model after the lateral static load analysis

% Openings

Material

0% 9% 21% 30% 44% 56%

Adobe 0.017 0.025 0.03 0.045 0.09 0.35

Adobe with TRB 0.0005 0.0009 0.0012 0.0017 0.0027  0.011

Alpha blocks (thickness 20 cm) 0.02 0.04 0.05 0.07 0.14 0.45
Clay brick (thickness 20 cm) 1.36E-04 0.00025 0.00025 0.00043 0.0009 0.0021
Concrete blocks (thickness 20 cm) 5.64E-05 0.0001 0.0001 0.0002 0.0004 0.0011
Stone 1.5E-04 0.0003 0.0004 0.0005 0.001 0.0031
Tufa 7.67E-05 0.0001 0.0002 0.0002 0.0005 0.0016

Table 8. Percentage reduction of the stiffness of the walls based on the opening's surface

% Openings

Material
0% <10% 10%-25% 25%-30% 30%-50% >50%
Adobe 0.00 0.00 -0.01 -0.02 -0.04 -0.20
Adobe with TRB 0.00 -0.01 -0.01 -0.02 -0.04 -0.21
Alpha blocks (thickness 20 cm) 0.00 -0.01 -0.02 -0.03 -0.06 -0.22
Clay brick (thickness 20 cm) 0.00 -0.02 -0.02 -0.03 -0.06 -0.15
Concrete blocks (thickness 20 cm) 0.00 -0.01 -0.01 -0.03 -0.06 -0.19
Stone 0.00 -0.02 -0.03 -0.03 -0.07 -0.21
Tufa 0.00 0.00 -0.02 -0.02 -0.06 -0.20

4. Parametric Analysis

When a building is examined, its location is vital in addition to the structural and non-structural components. This
implies that characteristics such as the ground type and the main seismic acceleration defined for the region concerned
by the seismic maps [28] or the EC8 NATIONAL ANNEXES [29] for the European countries should be considered.

Knowing the above and aiming at implementing a survey form with a scoring system, a response spectrum analysis
was conducted for the five ground categories mentioned in EC8 with an acceleration of 0.1-0.5g. The q based on the
literature for load-bearing unreinforced masonry buildings was equal to 1.5 [30]. For further analysis, 300 models were
created since six structural materials for single and double-storey buildings had to be considered in addition to the ground
type categories and accelerations.

During an earthquake, wall failure usually occurs in the out-of-plane (OOP) direction before the walls attain their
in-plane (IP) strength. However, the available literature on OOP analyses for masonry structures still needs to be
expanded, making obtaining the corresponding damage limit state values challenging. Although previous studies have
conducted numerical investigations specifically focusing on stone [31] and clay brick walls [32], they fail to cover the
range of the structural materials considered in this research, such as adobe bricks and tufa. Considering this, we have
decided to proceed with analyzing the in-plane response of the masonry wall while also considering the corresponding
damage limit states.

After the results of the response spectrum analyses were explained and recorded, the numerical limit for the
vulnerability classification of the buildings had to be decided. Concerning the damage limit states, they are typically
categorized into four main categories, namely Immediate Occupancy (10), Life Safety (LS), Collapse Prevention (CP),
and Collapse (C). Based on the research explained by Zavala et al., 2019 [33], the damage limit states for load-bearing
masonry structures whose handmade components have been chosen (Table 9). Between the handmade limits and the
industrial-made counterparts, the first ones were selected to be in the margin of safety.

Table 9. Drift values (m)

10 LS C
0.0004 0.0013 0.0029 0.0033

The numbers above have been normalized based on the limit of the 10 value having, as a result, the following Table
9. Table 10 shows the normalized values based on the "Immediate Occupancy" corresponding value.
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Table 10. Normalized drift values

10

LS

C

1

3.25

7.25

8.25
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As mentioned earlier, PRISM relies on a scoring system to evaluate and measure different aspects of a building's
condition, performance, or adherence to specific standards. Scoring systems, such as the one used in FEMA survey
forms, are widely employed for this purpose. The numeric rating scale is the most commonly utilized scoring system in
building surveys. It involves assigning numerical values to various building components based on predefined criteria.
For instance, a rating scale ranging from low to high numbers may be employed to assess the condition of different
building elements. In our case, higher scores indicate a more vulnerable structure.

The results of the response spectrum analyses have been normalized with the same number for consistency (0.0004)
and are shown below (Table 11). The number of each cell corresponds to a ground type, ground acceleration, and
different structural materials. These numbers work as the survey's starting values form the scoring system and are

unitless.

Table 11. Starting values of the case studies

Adobe (single storey)

Adobe (two storeys)

aglg Ground type Ground type

A B C D E A B C D E
0.1 1 1.25 1.25 15 15 1.25 25 2.75 35 2.75
0.2 2 25 25 3 3 3 3.75 45 5.25 45
0.3 3 3.75 3.75 45 45 4 4.25 5.75 7 5.75
0.4 4 5 5 6 6 5.75 6.25 7.5 8.25 75
0.5 5 6.25 6.25 7.5 7.5 7.75 125 15 175 15
agl/g Alpha block (single storey) Alpha block (two storeys)
01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
0.2 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03
0.3 0.01 0.01 0.01 0.01 0.01 0.03 0.04 0.04 0.04 0.05
0.4 0.01 0.01 0.01 0.02 0.02 0.03 0.04 0.04 0.05 0.05
05 0.02 0.02 0.02 0.02 0.02 0.04 0.05 0.05 0.05 0.06
aglg Clay bricks (single storey) Clay bricks (two storeys)
01 0.003  0.004 0.004 0.004 0.005 0.0035 0.005 0.004 0.005 0.005
0.2 0.006  0.008 0.004 0.008 0.008 0.0075 001 0.0075 0.01 0.01
0.3 0.009 0.011 0.005 0.013 0.013 0.01 0.0125 0.0125 0.015 0.015
04 0.013  0.015 0.013 0016 0.018 0015 0.015 0.015 0.0175 0.0175
05 0.018 0.019 0.018 0.020 0.021 0.02 0.02 00225 0025 0.025
aglg Stone (single storey) Stone (two storeys)
0.1 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.03 0.04
0.2 0.02 0.03 0.03 0.02 0.03 0.05 0.06 0.06 0.06 0.08
0.3 0.03 0.04 0.04 0.04 0.04 0.08 0.08 0.08 0.09 0.10
04 0.04 0.05 0.05 0.04 0.05 0.11 0.13 0.13 0.13 0.20
05 0.06 0.06 0.06 0.05 0.08 0.13 0.13 0.13 0.13 0.30
aglg Concrete block (single storey) Concrete block (two storeys)
0.1 0.001  0.002 0.002 0.002 0.002 0.0035 0.005 0.004 0.005 0.005
0.2 0.003  0.003 0.003 0.004 0.004 0.0075 001 0.0075 0.01 0.01
0.3 0.004 0.005 0.005 0.005 0.005 0.01 0.0125 0.0125 0.015 0.015
04 0.005 0.006 0.006 0.007 0.007 0015 0.015 0.015 0.0175 0.0175
0.5 0.006 0.008 0.008 0.009 0.009 0.02 0.02 0.0225 0.025 0.025
aglg Tufa (single storey) Tufa (two storeys)
0.1 0.002 0.0025 0.003 0.0028 0.003 0.005 0.0075 0.0065 0.0075 0.01
0.2 0.0043 0.005 0.005 0.0055 0.006 0.01 0.01 0.0125 0.01 0.015
0.3 0.0065 0.0075 0.008 0.0083 0.009 0.0175 0.0175 0.0175 0.0175 0.0225
0.4 0.0088 0.01 0.01 0.011 0.012 0.0275 0.03 0.0275 0.03 0.0325
0.5 0.011 0.0125 0.013 0.0138 0.015 0.035 0.0375 0.035 0.0375 0.0425
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The values in Table 11 correspond to the outcomes obtained from masonry models with an opening percentage
ranging from 25% to 30%. However, if the percentage of the opening deviates from this range, it becomes necessary to
account for the correction factor indicated in Table 12. The column representing 25%-30% values contain zeros because,
as stated, all initial values are calculated using this percentage. Subsequently, the remaining values are normalized to
these initial values.

Table 12. Correcting factor based on the fagade's openings

Facade's Openings percentage

Structural material
0% <10% 10%-25% 25%-30% 30%-50% >50%

Adobe -0.71 -0.43 -0.29 0.00 1.00 5.43
Alpha blocks -0.71 -0.47 -0.29 0.00 0.59 5.47
Clay brick -0.73  -0.50 -0.50 0.00 1.00 4.50
Concrete blocks -0.72  -0.50 -0.50 0.00 1.00 4.50
Stone -0.87  -0.40 -0.20 0.00 1.00 5.20
Tufa -0.62  -0.50 0.00 0.00 1.50 7.00

In the specific scenario of an adobe structure subjected to a case study involving the incorporation of timber ring
beams, an adjustment must be made to the initial value. This adjustment is based on the relationship between adobe
masonry with and without ring beams, as depicted in Table 5. For this particular case, the reduction factors are provided
in Table 13.

Table 13. Reduction factor for the adobe structures with TRB

0 <10% 10%-25% 25%-30% 30%-50% >50%

Contribution of TRB  -0.03  -0.17 -0.23 -0.29 -0.57 -1.14

As stated in the "materials" section, the window frames play a significant role in the overall in-plane response of the
structure. Table 6 illustrates the distinct contributions of each material. To obtain the final rating number, it is essential
to multiply the current number by the abovementioned procedure associated with the specific case being examined. The
coefficients in the table (Table 14) represent the remaining percentage after factoring in the frame's influence on the
horizontal response.

Table 14. Opening's frame material multiplication factor

Aluminum  Fiberglass PVC  Wood

Adobe 0.41 04 0.61 0.5
Alpha block 0.75 0.75 1 1
Clay brick 0.96 0.87 1 0.93
Concrete block 0.89 0.87 1 0.98
Stone 0.56 0.57 0.75 0.7
Tufa 0.86 0.84 0.984 0.97

5. PRISM Survey Form

The simplified pre-seismic survey form, PRISM (Figure 3), for masonry structures can be exploited by both
experienced surveyors and novice practitioners. PRISM is based on the ISTOS form and is divided into six sections.
The first two sections refer to the survey information and building identification. In section 3, the user must fill in the
boxes of the masonry construction material and the number of floors. Section 4 is referent only to the structures built
with adobe blocks. Section 5 includes the percentage of openings on the building's facade and defines the material of
the frame around the openings. Section 6 is about the geotechnical characteristics of the field. In the absence of such
data, the information can also be drawn by the National Annex of Eurocode.
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/APR.I.S.M. SURVEY FORM " 'ST%

SECTION 1 - Survey Information

Day | Month Year
Date 0O | OO |O0004| GroupIp oOoOooOa
SECTION 2 - Building Identification
Block ID I o o Building ID O0O0O0o0no
Address
City Post Code
0, Building aracte

Construction Material

A | O | Adobe B | O | Alpha block C | O | Clay brick
D | O | Concrete blocks E | O | Stone F | O] Tufa
Number of floors O Single-storey | O Two-storey

SECTION 4 - Horizontal Structure (Only for Adobe)

SECTION 5 - Openings

Percentage of openings in the fagade

A | O] <10% B | O|10% - 25% C | O] 26% - 30%

D | O|31% - 50% E [D|>50%

Primary material of the windows

A | O | Aluminium B | O]|PVC C | O | Timber
D | O | Fiberglass E O F|O
SECTION 6 - Geological characteristics

O Type A O Type B O Type C
Ground Type P e Yp

O Type D O Type E

. 0o.1 0o.2 0o0.3

Ground Acceleration (g)

00.4 0o.5

Figure 3. PRISM survey form

6. Discussion

The present research incorporates a parametric analysis to develop a pre-seismic survey form based on a scoring
system exclusively for masonry structures. To conduct the analysis, 300 two-dimensional numerical models were
generated using SAP2000. These models exhibited structural variations, encompassing different combinations of
structural materials, varying percentages of openings on the facade, and distinct materials for the frames around the
openings. Additionally, factors such as ground type and ground acceleration were considered.

To initiate the analysis, it was necessary to select a reference model. A recent on-site inspection of a Nicosia, Cyprus
community revealed that most masonry structures were single-story buildings with fagcades comprising 25 - 30%
openings. Based on these findings, the majority of the scoring values were derived. At the outset, six different models
were utilized (depicted in Figure 2) to portray a wall constructed with load-bearing masonry. These models were
categorized based on the proportion of openings (as outlined in Table 3) that adorned the entire facade area. The primary
objective was to meticulously assess the impact of diverse opening dimensions on structural rigidity. Through this
analysis, insightful information was aimed to be extracted about the architectural response and the extent of stiffness
degradation linked to different opening magnitudes.
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In the "Structural Materials" section, Table 1 presents the mechanical properties of the six analyzed structural
materials. Notably, by examining the values of Young's modulus, one can quickly discern that adobe is the weakest
material, thus indicating larger displacement values can be expected. This assumption is corroborated in Table 4, where
the displacement values are displayed after implementing the horizontal static analysis. It is important to mention that
the thickness of each wall corresponds to the actual design thickness based on the specific structural material. Each
model was categorized into six groups (0%, <10%, 10%—-25%, 26%-30%, 31%-50%, >50%) based on the percentage
of openings on the facade. Table 4 presents the maximal displacement at the highest point after applying a static
horizontal load of 20 kN to the model, correlated with the respective material properties. In seismic events, load-bearing
masonry structures collectively withstand the dynamic horizontal forces, functioning as integral units. This contrasts
with reinforced concrete structures, where the primary load resistance comes from columns and walls. In light of this
distinction and guided by the stiffness formula for masonry (K = AEI/h3, where | represents the moment of inertia) [34],
we anticipate observing an amplified roof displacement as the effective length of contributing masonry diminishes
against horizontal loading, as detailed in Table 4. Table 5 demonstrates the conversion of displacement into percentages,
facilitating rapid assessment of the reduction in load-bearing masonry stiffness in relation to the expansion of openings
in the simulation. This has been accomplished by normalizing the values relative to the displacement in scenarios where
the facade lacks any openings. Instances where openings cover less than half of the facade exhibit stiffness reduction
rates of up to 6%. Notably, a significant decrease in stiffness, ranging from 23% to 34%, occurs when opening coverage
surpasses 50% of the fagade. It is worth acknowledging that identifying such structures in reality proves challenging.
Nevertheless, this examination was a comprehensive aspect of the study's scope.

Following a relevant literature review, it was noted that survey forms and similar research works [35] assess the
condition of window frames in various openings, categorizing them as poor, mediocre, etc. Building upon this premise,
extending this assessment to encompass the materials used in constructing these casings was deemed essential. This
extension aimed to determine whether the chosen materials influenced the structural rigidity against horizontal forces.
Table 6 illustrates the displacements experienced by each component before and after the introduction of frames to the
openings. Upon examination of the data, it becomes evident that the incremental contribution is generally modest across
most cases. However, noteworthy exceptions arise in adobe and dry-stone structures, where contributions can reach as
high as 60%.

The subsequent step involved the incorporation of frames around the openings (casings). These frames were modeled
as frame elements in SAP2000, utilizing a cross-section of 5cm x 5cm. Four different casing materials were tested for
the openings. The lateral static load analysis results revealed significant contributions from aluminum and fiberglass
frames in some instances, such as adobe and alpha block structures. At the same time, their impact was minimal in the
remaining scenarios. Conversely, when the frame material was specified as wood or PVC, the contribution was nearly
negligible, except in the case of adobe structures. This can be attributed to the mass and subsequent inertia of the walls;
therefore, weaker frame materials like wood and PVC do not significantly influence the in-plane response of the wall.

As mentioned earlier, the analysis has incorporated both topographic and seismic characteristics. The relationship
between the average shear wave velocity in the top 30 m (Vs 30) from the surface and displacements on the superstructure
is evident from the data presented in Table 11, whereby smaller Vs 30 values result in larger displacements. An important
aspect of vulnerability analysis is the intensity of dynamic events that typically occur in a region or country. Seismic
maps of Europe indicate ground acceleration values between 0.1g and 0.5g in the areas surrounding the Mediterranean
Sea. These values were tested using SAP2000 software to generate response spectrums, combining ground types and
ground acceleration values to determine the maximum displacements for each structural type.

The response spectrum analyses were considered linear since most of the materials under consideration exhibit brittle
behavior and possess stress-strain curves characterized by a minimal plastic region. However, specific damage limit
states are required to define the fragility of the structures. These values were obtained from the existing literature and
are presented in Table 9. It should be noted that this survey is based on a scoring system, which typically lacks units. To
address this, all displacement values were first normalized by the Immediate Occupancy (10) value provided in Table
9, resulting in the initial scoring values presented in Table 11. The correction factors presented in Table 12 were
normalized based on the values obtained from models with 25-30% openings, along with the multiplication factors
derived from the contribution of opening frames to the overall structure.

Considering the Vulnerability table of EMS98 [36], it was decided to create a corresponding table that represents
the fragility of structures based on the numerical analyses conducted in this research. Certain assumptions needed to be
made to achieve this, and a reference model was selected. In similar cases, median values are commonly used,
particularly for ground type and ground acceleration. Consequently, the values corresponding to ground type C and
ground acceleration of 0.3g were chosen as the reference point for creating the subsequent figure (Figure 4).

The primary categorization (principal taxonomy) of structures (represented by circles) in Figure 4 has been
determined based on the scoring values, explicitly focusing on the values associated with single-storey structures with
25-30% openings in the facade. These structures are constructed on ground type C following a seismic excitation of
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0.3g. The range for each case is established by considering the highest and lowest values of correction factors that
correspond to different structural materials. It is evident that most structures subjected to these conditions do not
experience significant damage, except those made of adobe.

Masonry Type Vulnerability Condition
O A B C D

Adobe == _O_ ______ |
Alpha block _07 - — ==

Clay bricks (O)—----- 1
Concrete blocks H O———- - - - - ]

Stone _Oi _____ .|
Tuf O—— - - . +

O Most likely vulnerability condition; = probable range;

- = range of less probable, exceptional cases

Figure 4. Vulnerability table
7. Conclusion

This research aims to introduce the PRISM form, a streamlined pre-seismic survey document designed exclusively
for masonry structures. This form serves both experienced engineers and newcomers in the field. While many existing
pre- and post-seismic survey forms rely on empirical guidelines, the PRISM form is established through numerical and
parametric analysis. Most of the information required to complete the form aligns with other survey documents. This
includes inputs such as the primary structural material, number of floors, and ground characteristics, including
acceleration. These aspects, along with others, collectively influence the capacity of a structure to withstand lateral
forces caused by dynamic events like earthquakes and wind. The essential contribution here is quantifying this
influence's degree, often represented as a percentage.

For instance, the impact of openings on the fagade of a masonry structure is commonly understood—more openings
usually correspond to reduced stiffness. With the PRISM form, a surveyor can readily grasp, for example, that in a tufa
structure, the presence of wooden casings for openings contributes to a 3% increase in stiffness. In comparison, the
utilization of aluminum casings results in a 14% increase. The importance of this research transcends the boundaries of
the surveying realm. Consider a junior engineer or architect who, by consulting the vulnerability table, gains insights
into why adobe structures within the city exhibit extensive damage. In contrast, buildings and historical monuments
constructed from tufa stone remain relatively unscathed.

Notably, Eurocode 6 does not account for masonry structures made of adobe or tufa. However, since all masonry
materials exhibit brittleness and the plastic region of stress-strain curves is not considered, understanding stiffness
differences, mainly through the displacement results presented in Table 4, between adobe blocks and clay bricks (which
Eurocode 6 covers), empowers engineers to make informed decisions about retrofitting or mitigation strategies.

In summary, the quantitative outcomes of this study, combined with the utility of the PRISM form as a tool for pre-
seismic surveys, offer significant benefits. These extend to developing risk assessment maps, informed decision-making,
and aiding design engineers and students in their endeavors.
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