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Abstract: The harmonization of a building typology is a major task in the implementation of exposure-modelling
techniques used in earthquake risk scenarios and damage prognosis. The reliability of the results depends on
the consideration of uncertainties in the input dataset(s). For the evaluation of building stocks, completeness
and accuracy are affected by survey forms used to collect the data and post-processing. In this direction, and
using masonry structures as example, the quality of the units, the mortar and construction represent
ambiguous characteristics if the typology in question is to be compared with the EMS-98 and no additional
information is given. In such hypothetical scenario, a further analysis of the structural composition of the
building stock is needed, and the dataset containing the information is to be scrutinized. Procedures to perform
such elaboration are under discussion, without reaching a collective agreement. It is therefore the target of the
paper to describe a methodological scheme to transform a highly complex and country-dependent taxonomy
into a consistent and equivalent EMS-98 typology. The knowledge-based exposure modelling framework
developed within TURNkey Project is presented enabling the implementation and transformation of various
building taxonomies into a standardized one. Different case studies are selected recognizing different levels
of data availability to define the initial stage of the proposed method. Datasets are evaluated according to their
completeness and appropriateness for re-consideration. A minimum level of building information is defined to
apply the methodology. The work-flow is then carried out using as case study the historical centre of L’Aquila
with the building damage information from 2009 survey campaigns and the available descriptions qualified by
recent survey techniques and available data access. Lastly, it is discussed how other taxonomies can be
directed to the simple and robust EMS-98 classification scheme, and an “easy use”.

1 Introduction

The harmonization of a building typology is a major task in the implementation of exposure-modelling
techniques used in earthquake risk scenarios and damage prognosis. The reliability of the results depends on
the consideration of uncertainties in the input datasets and the details given to describe the structural
characteristic of the considered building stock. With this in mind, and given the efforts among the scientific
community to define a taxonomy adaptable to earthquake risk scenarios in any place of the world, the need of
a common international ground is evident. Nonetheless, the idea itself comes with several challenges, being
one of them the standardization of structural parameters used to define a typology where, here suggesting,
the European Macroseismic Scale (Grinthal et al., 1998) taxonomy is to be used as basis.
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Figure 1. TURNkey D4.1 color scheme for EMS-98 building types and vulnerability classes
(Schwarz et al., 2021).

A methodological transformation of different case studies is here performed to obtain an EMS-98 comparable
building typology. Datasets from building stock survey, reconnaissance campaigns and census are used to
establish different knowledge levels that allow the identification of EMS-98 building types, with variations
between each of the studied areas. The color scheme from TURNkey’s knowledge-based exposure modelling
framework and methodology is used as basis (Schwarz et al., 2021). This paper intents to demonstrate how
the characteristics of a building stock permit the definition of EMS-98 comparable typologies, on a first stage
of analysis using the qualitative description of a structure. This research supports the creation of an
international taxonomy that follows the principles of the EMS-98, as the study includes European and
international cases. Further on, the results highlight the importance of future works to evaluate the ranges of
possible vulnerability assignments when international building stocks are compared with the EMS-98 scheme.

2 European case study: L’Aquila, Italy

2.1 Target area

On April 6th 2009, an Mw 6.3 earthquake struck the municipality of L’Aquila, Italy, affecting an approximate of
80,000 residential buildings (U.S.G.S., 2022). Followed by four relevant aftershocks between 5.1 and 5.4 Mw,
the seismic sequence has been object of several studies for the past decade. Particular attention has been
given to the historical center of the city of L'’Aquila with aims of following its recovery speed and recognizing
the factors that contributed to the observed damages. In this direction, the Da.D.O. database (Dolce et al.,
2019) contains the collection of several survey campaigns that took place in Italy after relevant earthquakes,
starting in 1980. Overall, the structural characteristics of buildings exposed and inspected were compiled
following the structure of different inspection questionnaires depending on the year of seismic event.
Supported by the Italian Civil Protection Department, the database also includes social-economical
characteristics such as the use of the building.

L'Aquila target area

I Building stock from Tertulliani et al.
(2011) reconstructed by Maiwald
and Schwarz (2020).
Da.D.O. vector data (Dolce et al.,
2019) for the target area.

— — Elevation [m] (Jarvis et al., 2008).

[ City walls (Tertulliani et al., 2011).

Figure 2. L’Aquila city centre, target area and data points from Dolce et al. (2019).
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Figure 3. Structural characteristics given by Da.D.O. (Dolce et al., 2019) for typology definition.

For L’Aquila, a total of 74,049 buildings are included in the database, with only 3,947 buildings found within
the target area (see Figure 2) here assumed equal to the region investigated by Tertulliani et al. (2011). The
information is given by Da.D.O. as data entries in a cvs-file, and therefore a punctual distribution of the
buildings along the area can be obtained as shown in Figure 2. With aims of comparison, the reconstruction
of the building stock made by Maiwald and Schwarz (2020) has been included in the figure. An overview of
the most relevant characteristics from the L’Aquila event, that can be used for the definition of building types,
is presented in Figure 3.

Table 1. Existing studies relating Italian building types to EMS-98.

; Vulnerability Taxonomy
Material Reference Taxonomy classes conversion
(Perelli et al., 2019) S E\T/AET 2 EMS-98 No
3)
agomarsino et al., -

(L i 1., 2021) Elfnngs » EMS-98 No

. ISTAT EMS-98
No

Masonry (Rosti et al., 2021b) RISK-EU 5 IRMA 6

EMS-98
No

(Zuccaro et al., 2021) ISTAT IRMA
(Dona et al., 2021) ISTAT ND 7 No
(Del Gaudio et al., 2021) AeDES ND No
Proposal &

. EMS-98
Reinforced (Borzi et al., 2021a) ISTAT IRMA No
concrete (Rosti et al., 2021a) ISTAT EMS-98 No
I (Nicodemo et al., 2020) GEM 9 EMS-98 Yes
Genera (Dolce et al., 2021) ISTAT EMS-98 No

Notes:

1) From AeDES to EMS-98 building types.

2 S.A.V.E., Updated tools for seismic vulnerability evaluation of the Italian real estate and of urban systems (Zuccaro
and Cacace, 2015).

3) ISTAT, ltaly’s national census database.

4 Referenced without specification of conversion from ISTAT to EMS-98.

% Milutinovic and Trendafiloski (2003).

6 IRMA, Italian Risk Maps platform (Borzi et al., 2021b).

) ND, Not discussed in the study.

8) Classification proposed for the mentioned study.

9 GEM, Global Earthquake Model (Brzev et al., 2013).
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The analysis of fragility curves for Italian residential buildings performed in Da Porto et al. (2021) was taken
as starting point for the identification of existing studies about the database and the target area. The elaboration
of Table 1 presents the scientific literature found regarding the topic, were some of the studies have a national
consideration of building stock based on census information, some others focused on the target area. A
comparison of the taxonomy used in each of them is shown as well as an evaluation to distinguish if the study
presents or not a conversion scheme comparing the building characteristics described by the AeDES 06/2008
form (Baggio et al., 2007) used for Da.D.O. (Dolce et al., 2019) and the building types established by the EMS-
98 (Grunthal et al., 1998).

The review presented in Table 1 suggest the works from Nicodemo et al. (2020) are close to the objective of
the present study, by transforming the typological information given by the AeDES 06/2008 form to a GEM
taxonomy (Brzev et al., 2013), followed by a conversion to EMS-98 building types, all through a score-based
method (Pittore et al., 2018). A simplified method for such transformation is here proposed, taking as starting
point the building types used by the studies discussed in Table 1, and the first two stages of TURNkey’s
knowledge-based exposure modelling framework: exposure and data availability (Schwarz et al., 2021).

2.2 Proposed transformation into EMS-98 comparable typology

Based on the information given by Da.D.O. (2019), the findings from Table 1 and the studies performed by
Lamadrid et al. (2023), an EMS-98 consistent typology for the target area is hereby studied. Following the
descriptions given by Baggio et al. (2007) about the building characteristics given by the AeDES survey form
three knowledge levels were established to define a building type. For knowledge level 1, material was taken
as reference and classified. For knowledge level 2, the description of vertical structural elements was used.

Particularly for bad quality masonry, there is no additional information given by Da.D.O. regarding the
differentiation between rubble stones, squared simple stones or the presence of pebbles. It is here
acknowledged, that the year of construction could be considered to distinguish the type of masonry units in
bad quality masonry.

Following Del Gaudio et al. (2021), the ranges given by Da.D.O. and the description of EMS-98 building types,
any bad quality masonry built before 1919 is considered as rubble stones and pebbles.

Table 2. Code level according to year of construction.

Year of Proposed Code Existing 2
. 1 Comments
construction Level schemes v
<1919 Pre-Code (PC) Group 1 191_5 - Consideration of seismic loads only for moment
resisting structures.
1919-1945 Group 2 1927 - Application of seismic design depends on
seismic zones.
Low Code (LC) _ .
1946-1961 G 3 1935 — Update for ratio between horizontal forces and
i roup storey weight.
Low Code + 1962 — Ratio between the base shear design and the
1962-1971 . o
(LC+) Group 4 weight of the building updated.
1972-1981 1975 — Introduction of response spectrum.
1984 — Seismic zones updated.
1982-1991 Mode(rl\a/lltg)COde 1986 — Seismic coefficients updated.
1987 — Seismic design of masonry mandatory.
_— Group 5 ) . -
1992-2001 1996 — Introduction of limit state design method.
Moderate to High 2003 — Seismic zones updated.
>2001 o _
Code (MHC) — Mandatory limit state design method.
Notes:

1) Based on year of construction, examples can be found in references from Table 1.
2) Adapted from Del Gaudio et al. (2021).
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Figure 4. EMS-98 consistent typology for target area.

As the use of pebbles was forbidden after 1935, any bad quality masonry built within the range of 1919 and
1945 is here considered as simple stone, as no other parameter can be used to distinguish the use of stones
from the use of manufactured masonry units. Bad quality masonry built after such range is considered as
unreinforced (i.e., unreinforced masonry with manufactured stone units or with RC floors depending on further
knowledge levels). For good quality masonry all constructions done before 1919 are considered as simple
stone while the rest is considered manufactured masonry units.

Knowledge level 3 describes a building characteristic used by the EMS-98 to distinguish between different
types of basic structures. The type of inter-storey diaphragm (i.e., horizontal elements for the AeDES form and
for Da.D.0O.) is used for masonry buildings, while the level of earthquake-resistant design (ERD) is used for
reinforced concrete structures. For diaphragms, only two classifications were considered, the presence of
semi-rigid or rigid diaphragms was distinguished from flexible diaphragms as the earlier represent a
considerable improvement to the seismic response of a masonry structure.

The definition of code levels used for reinforced concrete structures is shown in Table 2 along with the ranges
given by Da.D.O. regarding the year of construction. The code level classification was done based on the
evolution of seismic codes described by Del Gaudio et al. (2021). It is worth noting that the references from
Table 1 provide variations on the aggrupation of structures due to year of construction, however the comments
given in Table 2 indicate the modifications considered in the present study. As the mentioned references might
use such classification as final taxonomy, the present study aims for a more detailed differentiation.

Considering the aforementioned levels, the data from the Da.D.O. dataset was transformed into EMS-98
comparable taxonomy as shown in Figure 4a, with a total of 16 building types, a wider taxonomy than the one
presented by Lamadrid et al. (2023). The differences for the increase of building types reside in two facts.
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Figure 5. Building types within the area of interest.

First, for knowledge level 2 Lamadrid et al. (2023) does not distinguish between masonry with rubble stone,
simple stone or manufactured units; secondly the code level proposed by Lamadrid et al. (2023) was based
on Crowley et al. (2020). Additionally, the distribution of the building types along the studied area is presented
in Figure 4b while their share is shown in Figure 4c. From both it can be observed and corroborated that the
composition of the area is dominated by masonry with bad quality units built before 1919.

Further on, each building type is correlated to the EMS-98 types of structures. In Figure 5a, such relation is
graphically represented with possible ranges of vulnerability classes being marked and their limits as optimistic
(green line), pessimistic (red line) and the most probable assignment (black circle). On one extreme the
optimistic assignment of a vulnerability class assumes the building will have the optimal response when
subjected to seismic action, given its structural characteristics. For most types, this is translated into lower
vulnerability and the reduction of one vulnerability class from the most likely one. On the other extreme, the
pessimistic assignment assumes the seismic response of the building will be the most unfavourable. Exception
to such behaviours is the EMS-98 M1 type, were no variations of the vulnerability are expected.

The comparison of shares from vulnerability classes considering the different assignment was performed to
evaluate the changes in composition, following the approach from Abrahamczyk et al. (2013). Figure 5b
presents the distribution considering the most likely assignment, while the implementation of the optimistic and
pessimistic assignments is presented in Figure 5c. In all cases, the vulnerability class A is found dominant, as
building type 1 has the higher share among the building stock. Such result evidences the need of the
implementation of an assignment based on engineering criteria where, in addition to scheme presented in
Figure 4a, further knowledge levels are used to discern the best possible assignment that would describe the
seismic response of a building given all the information provided by the consulted dataset. It is also important
to highlight that, for an EMS-98 comparable typology it would be sufficient to distinguish from the 11 building
types which describe the building stock from the area, however when it comes to an engineering assignment
of vulnerability classes, it is clear that the distinctions made in Figure 5a are necessary. In this direction, three
additional knowledge levels are here considered for the modification of the most likely vulnerability class, within
the ranges given by EMS-98 but considering the variations on seismic response without falling into non-flexible
criteria, as it done when an optimistic or pessimistic assignment is considered.

For knowledge level 4, the height of the building was considered following the classification done by
Lagomarsino et al. (2021), from 1 to 2 storeys a low height class (L) was assigned, from 3 to 5 storeys a
medium height class (M) and for buildings with more than 5 storeys a high height class (H) was assigned. For
the fifth level, the regularity in plan and elevation was taken as given by Da.D.O. as regular (R), irregular (1)
and unknown (U). Lastly, for those structures with masonry units (i.e., masonry structures or reinforced
concrete frames with infills) the regularity of the unit’s layout was considered, also as given by Da.D.O. as
regular (R), irregular (1) and unknown (U).
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Figure 6. Possible combinations of relevant building features for the assignment of an EMS-98 vulnerability.

Based on the discussed characteristics and knowledge levels, an assignment of vulnerability classes is
proposed with a graphical illustration of the possible combinations along with the final assignments shown in
Figure 6. Such proposal represents one from the numerous possibilities that can come from the assignment
of vulnerability classes using a flexible criterion, which is often described as a vulnerability assignment based
on experience or engineering assignment.

The details of the proposal are presented in Figure 7 showing the building type, the characteristics considered
for modification of the VC and an overview of the final VC shares. For most types of masonry structures the
vulnerability assignment was considered variable, between classes A and C. With the exception of Type 10,
where a VC D was assigned to those reinforced or confined masonry structures with 1 or 2 storeys, regularity
in plan and elevation and regular layouts of masonry units.
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Figure 7. Proposal for vulnerability assignments based on EMS-98 most likely VC classes considering
secondary building characteristics.
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Figure 7 assignments contrasts with the equivalence proposed by Dolce et al. (2019) where class D is reserved
for reinforced concrete and steel buildings and VC A to B are reserved for masonry (see building type 10 to
building type 16). Nonetheless, some of the criteria from Dolce et al. (2019) was implemented with variations
according to the buildings’ secondary characteristics (Figure 5). Overall, VC D was considered as the highest
vulnerability class found in the studied building stock.

With the selected criteria, the resulting shares per VC show significant variations from the criteria used in
Figure 5b and Figure 5c. Additionally, the composition of the building stock diverges from the one presented
by Tertulliani et al. (2011) with a closer similarity to the composition given with the Dolce et al. (2019) criteria.

These results evidence the fact that variations on the vulnerability of a building stock are expected when
different parts incorporate different considerations on the assignments based on experience, even if the same
scheme is being applied. Further discussion on this variations and alternative proposals for the assignment of
vulnerability classes following the EMS-98 can be found in Lamadrid et al. (2023).

3 Transformation of international building stocks

3.1 Case study: Erbil, Iraq

Erbil, the capital city from the Kurdistan Region of Iraq is bounded by several seismic faults (Jassim and Goff,
2006) and composed of a diverse building stock given its historic relevance and continuous population growth
(Ritchie et al., 2023). In 2022, a documentation of the building stock data was performed following the scheme
from Schwarz et al. (2019). Later on, with a preliminary overview of results discussed by Hasan et al. (2024)
the collected information was used for the definition of building types as done in section 2.2, starting by the
identification of basic knowledge levels that would lead to the transformation of the building stock into an EMS-
98 comparable typology, resulting in Figure 8.

Knowledge level 1 was considered to describe construction material as done in Figure 4a. For knowledge level
2, no further distinction had to be done to identify masonry units as the included data already featured the
characteristic distinguishing 4 different cases of masonry units: stones, bricks, cement blocks and unknown
material. As relevant characteristic in knowledge level 3, masonry structures were assumed to include rigid
diaphragms, as the use of reinforced concrete slabs is a common practice within the city.

For reinforced concrete structures, three different ERD levels were considered. Following the first official
seismic code in Iraq published in 1997, anything built before this year was considered Pre-Code level, even
though a seismic load had been already considered in design codes since 1987.

Level 3 -
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Figure 8. Proposal for building types and vulnerability classes and link to EMS-98 scheme.
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The 1997 code version included seismic zones of the national territory. Construction dated between 1997 and
2014 were considered with low code level as in 2014 and updated version of the Iragi seismic code was
published, including mapped acceleration.

The most recent code was published in 2017, and therefore here assumed as the highest code level possible.
Structures built from 2014 to 2017 were identified with a moderate code level. As a result, 6 types of structures
were identified within the studied sample, with masonry structures with an equivalent EMS-98 type equal to
M6 being the dominant type (i.e., type 2 in Figure 8). Such classifications indicate a suitable assignment of
EMS-98, however it is to be discussed if the ranges of vulnerability classes are to remain equal, as the
behaviour of material and the construction process might different from the European ones. In this direction,
further studies would be necessary to compare the structural response of the building stock during seismic
events.

3.2 Case study: Hveragerdi, Iceland

In 2000, two earthquakes affected the residential buildings from Hveragerdi, Iceland. Both seismic events with
a Mw 6.5 and an interval of four days from each other (EQ1: June 17th 2000, depth 6.3 km; EQ2: June 21st
2000, depth 5.3 km). With considerable damage in inhabited areas within 20 km of the epicentres, the data
collected for the building stock characteristics and the damage observed during the earthquakes makes the
area suitable for implementation of a methodological transformation of building stock data into an EMS-98
comparable typology. Such transformation was developed by Schwarz et al. (2021) within the TURNkey
framework. The data was pre-processed by Darzi et al. (2020), with building characteristics such as material,
number of storeys, year of construction and lateral load resisting system. Such features were used to classify
the buildings according to the SERA taxonomy (Crowley et al., 2020).

Following the correlations presented by Abrahamczyk et al. (2021), the TURNkey D4.1 report (Schwarz et al.,
2021) correlated the identified SERA building type to EMS-98 as shown in Figure 9. Difficulties were found to
distinguish the ERD level for reinforced concrete walls, and therefore no direct conversion was given for
CR/LWAL/HEX:1-3 and CR/LWAL/HEX:4. Nonetheless, the year of construction could be used for further
discretization of the types, and the transformation is to be refined. Buildings where no information was given
were neglected from the analysis.

Lastly, it is worth mentioning that one SERA building type was found without equivalence of existing EMS-98
building types (SRC/LWAL/HEX:2), nonetheless its incorporation is considered and included in Figure 9 with
the vulnerability range suggested by Schwarz et al. (2021) without distinguishing the probable ranges
established by the EMS-98.
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Figure 9. Building types within Hveragerdi (Iceland) and their relation to the EMS-98 vulnerability classes.
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4 Discussion

As defined by the knowledge-based modelling framework (Schwarz et al., 2021), the definition of building types
depends on great extent on the level of data availability, particularly on the level of detail found in the
description of the studied building stock. The results from the analysed case studies show that the minimum
requirements for an EMS-98 comparable taxonomy should include 3 key knowledge levels or characteristics:
material (level 1), description of vertical structural elements (level 2) and a key feature (level 3). Being the last
one valid only for masonry and concrete structures.

In the case of masonry structures, the description of units as vertical structural elements is an essential feature
impacting the EMS-98 building classification scheme. Unfortunately, this is seldomly included in a national
census as it requires a detailed survey of a building. It then becomes the task of the researcher to investigate
the architectural history of the target area, and assume other parameters can be used to define the type of
masonry units (as done in section 2.2). As an additional key feature of masonry buildings, the type of
diaphragm is rarely register when it comes to national census data. In some cases, it can be found replaced
with roofs material information. Therefore, recognition of the traditional construction practices of the studied
area is necessary to establish a distinction between EMS-98 building types (see section 3.1).

For reinforced concrete (RC) structures the description of vertical structural elements is often clear and
distinguished between walls and frames; in contrast, the code level used as in the EMS-98 to distinguish
different RC types (referred during the present study as knowledge level to classify RC structures) implies
studying the evolution of seismic codes from the studied area. This rises the question on what identifies a code
with a low, moderated or high level, when the ERD is being evaluated, with further discussion of the topic
addressed by Haweyou et al. (2024).

It is clear that one of the purposes of existing taxonomies, such as SERA or GEM, is to establish uniform
nomenclatures and typologies. These are broad enough to evaluate building stocks from different areas of the
world and facilitate the comparison between them. Additionally, it is evident that such taxonomies provide
standardized classification schemes which allow final vulnerability assignments that can be used in
probabilistic seismic risk analysis or earthquake scenarios. In contrast, one of the most significant objectives
from the EMS-98 is to provide simplified classification schemes to describe a macroseismic intensity. Most
importantly, schemes that can be implemented through practical observations. This without the complexity that
implies a focus on civil engineering or seismology, as the final target group comprehends other possible users
that may not be experts in the matter.

Keeping in mind such simplicity, it can be discussed that complex taxonomies cannot always lead to a
straightforward equivalent of EMS-98 building types. Two examples of this situation were found in this study
(Figure 9). The first one refers to the absence of an equivalent type (i.e., SRC/LWAL/HEX:1-3), as the load
bearing system might not be included in the EMS-98. The second example denotes insufficient information for
a correlation. Specifically, two SERA types (i.e., CR/LWAL/HEX:1-3 and CR/LWAL/HEX:4) cannot be
redirected to one EMS-98 type since the year of construction is not included in the nomenclature nor is the
level of ERD given.

Pursuant to the current EMS-98 scope, a simplified method to transform complex taxonomies would be
beneficial for the definition of an international scheme. Without question, building types currently not covered
are to be added. However, given the aspects here evaluated, only generalized types are suggested taking as
basis the EMS-98 classification criteria.

Further on, the methodology followed in the present study along with the definition of parameters for the
assignment of vulnerability classes could be taken as a contribution to the development of the World Housing
Encyclopedia (EERI and IAEE, 2009). Moreover, a link to Intensity assignments within the sometimes-referred
EQ experience becomes possible and could be addressed in future studies.

5 Conclusions

Through the present research different datasets were evaluated with the aim of defining a methodological
procedure to transform a building typology into an EMS-98 comparable taxonomy. A graphical representation
of the method has been presenting, with results showing that, regardless of geographical location of the
building stock, with basic physical characteristics of the structures it is possible to define a building typology
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comparable to the descriptions given by the EMS-98. Nonetheless, it is evident that due to different material
properties and construction processes, different ranges for vulnerability classes are to be expected when the
analysed building stock is located outside the European continent. Consequently, further research is needed
where the damage observed in the analysed building stock is considered to evaluate if changes on vulnerability
ranges are actually observed.
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