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Abstract: As many European countries, the Portuguese territory is a region of moderate seismicity,
and a large part of its building stock includes reinforced concrete (RC) buildings built before the
introduction of modern seismic codes (<1983s). Currently, the Lisbon building stock is composed of
45% of RC buildings, of which 71% were built in such a construction period. Being designed to only
sustain gravitational loads and without adequate lateral load resistance, these buildings are likely
to be severely damaged during an earthquake. This highlights the need to propose reliable seismic
risk assessment and earthquake loss models for such structures. In this context, the development
of an exposure model which quantifies the building stock susceptible to be seismically damaged, in
terms of structural characteristics, spatial location, and occupancy, is of major importance. The main
purpose of this paper is to contribute the definition of a building exposure model for the city of Lisbon,
focusing on a detailed structural characterization of these typologies. It starts with an extensive
collection and analysis of design blueprints of existing buildings in two Lisbon’s neighborhoods:
Alvalade and Benfica, which were found to be representative of the RC building stock in the city.
Then, the information collected is scrutinized and statistically post-processed through probability
distributions that provide a clear insight on the RC typologies and their structural characteristics.
These results can be used in the future for the development of a numerical models and to derive
fragility and vulnerability models, fundamental to conducting seismic risk analyses.

Keywords: RC buildings; RC typologies; statistical characterization; global earthquake model (GEM)

1. Introduction

Seismic activity in Portugal has been relatively low in recent decades, despite hav-
ing negatively marked the country’s history with high loss of human life and material
goods [1]. The Portuguese territory is classified with low to moderate seismic activity,
but some regions, such as Lisbon, Algarve and Azores present moderate to high seismic
hazard [2]. In the last four decades of the 20th century the city of Lisbon has observed a
substantial population growth, which led to a large number of residential buildings at a
time when construction regulations had little or no information concerning the design of
structures subject to seismic action [3]. In Portugal, the first regulations to consider simple
seismic provisions were the RSCCS [4] and the RSEP [5], followed by the REBA [6]. It
was only in 1983 that a new and more demanding code was introduced, the RSA [7], the
first regulation that established adequate and restrictive seismic performance requirements
and is still used nowadays along with Eurocode 2—Design of Concrete Structures [8] and
Eurocode 8—Design of Structures for Earthquake Resistance [9]. Considering that there is a
large percentage of buildings in Lisbon built before 1983, the need to identify, characterize
and assess their seismic performance [3] is of utmost importance. In this context, RC
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buildings built between 1950 and 1980 are brought to attention since they are characterized
by several deficiencies, such as non-ductile structural elements, irregularities in height
and plan, presence of indirect beam-beam support, insufficient ratio of longitudinal and
transverse reinforcement and smooth reinforcement steel bars (mostly for buildings built
up to the 70s) [10-15]. Seismic vulnerability assessment at urban centers is a challeng-
ing issue that needs to be faced within earthquake risk and seismic mitigation of large
territorial areas. Assessing the seismic vulnerability of a large number of buildings is
an appropriate strategy but requires high human resources and computational capacity.
Alternatively, the attention could be focused on a limited number of buildings that are
deemed representative of the total building stock, which allows the performance of more
advanced analyses and the extension of the sample results obtained to the entire urban
center [16]. Hence it is necessary to identify the most vulnerable areas to seismic action
and to proceed with the acquisition of up-to-date building data. This information can
be gathered quickly from national data (i.e., census), conducted in most countries and
often contain useful information to estimate the buildings seismic performance, or from
structural surveys, which is a more resource-intensive method [17]. The first step of a
seismic risk analysis is the development of an earthquake exposure model, which consists
of a detailed database that describes the assets that are exposed to seismic activity and
are susceptible to be damaged. This is a challenging task due to the variety of building
practices, materials, and configurations but mostly due to the complex process of gathering
data [18,19]. A common approach entails the use of pre-defined building typologies that
have been developed in order to classify and characterize building inventories in standard-
ized and comparable ways. Those are often divided in two types: specific risk-oriented
taxonomy schemes, such as the 1998 European Macroseismic Scale [20], ATC-13 Earthquake
Damage Evaluation Data for California [21], FEMA P-154 [22], FEMA 178 [23], HAZUS
taxonomy [24] and PAGER-STR [25], among others, and faceted taxonomies, such as the
SYNER-G project [26], Word House Encyclopedia (WHE) [27] and the Global Earthquake
Model (GEM) Building Taxonomy v2.0 [28]. Worldwide, several research projects have
been conducted, employing these pre-defined taxonomies, concerning the exposure model
of certain countries or regions, such as Croatia [19], Greece [29], Portugal [30], México [31],
Asia [32], Italy [33], Algeria [34], and others. Another approach to characterize the building
stock of a certain region is the performance of a structural survey with the aim of gathering
detailed and complex information regarding the structural properties of the buildings. In
Portugal, several studies were conducted with the aim of characterizing the Portuguese
RC building stock: Silva et al. (2015) [35] analysed several structural design projects of RC
buildings in Portugal mainland to estimate the probabilistic distribution of a set of geomet-
ric and material properties with the aim of generating frames capable of reproducing the
structural characteristics of the Portuguese buildings. The study allowed the development
of vulnerability functions for the different typologies of structures analysed. Vicente et al.
(2015) [36] proceeded with the characterization of Bairro Ribeirinha in Faro, with the aim of
evaluating its seismic vulnerability. Furtado et al. (2015) [37] analysed a set of RC buildings
with masonry infills in Portugal and compared the observed data with similar studies
carried out in Italy and Turkey. That study allowed to compare the characteristics of the
observed buildings as a function of the buildings spatial distribution, year of construction
and period of construction. In other Mediterranean countries, similar studies were also
developed: Bal et al. (2008) [38] carried out the characterization of RC buildings in the
region of Marmara, Turkey, for the use of risk and loss assessment models (including the
study effect of repair and reinforcement solutions). Meral (2019) [39] analysed an extensive
inventory data composed by 8850 beams, 26,963 columns and 2311 RC walls from 506
existing residential buildings with the aim to generate statistics of structural properties
about Turkish building stock which are effective on the seismic response of existing RC
buildings. Ozmen et al. (2015) [40] provided statistical information of structural parameters
about the Turkish building stock for proper modelling using a detailed inventory study
including 475 low and mid-rise RC building with 40,351 columns and 3128 beams for
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member properties. The comparison between available studies is important to identify
common structural characteristics, derive common properties for the Mediterranean coun-
tries, and use common databases. This can be useful to define representative experimental
specimens and numerical simulation to conduce seismic risk assessment [41]. With the
above in mind, this research conducts an in-depth analysis of the material, geometric and
structural characteristics of RC buildings in Lisbon, where approximately 1300 drawings
and design specifications have been collected in cooperation with the Public Municipal
Archives. The purpose is first to assess the structural design and construction practices
employed in different construction periods and different areas of Lisbon and then, provide
statistical information of structural parameters about the Lisbon RC building stock.

In the first part, the RC building stock of Lisbon is disaggregated based on four periods
of construction and the design code in force during each period. In the second part, the
drawings and design specification of around 1300 RC buildings collected in two civil
parishes of (Alvalade and Benfica) are collected and analyzed to develop an exposure
model applying the updated version of the GEM taxonomy scheme [28], which allows
buildings to be classified according to a number of structural attributes such as the main
construction material, the lateral load resisting system, the number of storeys, the period
of construction and the ductility level [29]. Finally, the third part consists of an in-depth
analysis of the material, geometric and structural characteristics of RC buildings in these
parishes of Lisbon. The purpose is to evaluate the variability of structural design and
construction practices employed in different construction periods and different areas. In
this way, the data of various parameters is scrutinized to assess the eventual correlation
between certain geometric and reinforcement properties and the construction date and/or
the number of storeys.

2. Lisbon RC Building Stock
2.1. Characteristics of RC Buildings

The building stock of Lisbon is essentially composed of masonry and RC buildings.
The latter, which is the focus of this study, can be classified into four different groups,
concerning the period of construction [14]:

(i) transition buildings or mixed masonry-RC buildings, built until the beginning of 1950.

(ii) first phase RC buildings, built before the introduction of seismic resistance codes,
until around 1958.

(iii) second phase RC buildings, built between around 1958 and 1983.

(iv) modern RC buildings, built after 1983.

The first category, which is beyond the scope of this study, together with the first
phase of RC buildings, are the ones that raise more awareness regarding their seismic
behavior, mostly because these buildings were designed without any seismic resistance
considerations [14].

The first phase RC buildings (Figure 1) started being built around 1950 and were
mainly moment-resisting frames structures, mostly designed to sustain gravity loads
and are characterized by geometric irregularities, namely: vertical irregularities where
all the columns’ cross-section decreases along the height in the same storey; horizontal
irregularities, due to the irregular and asymmetric column’s distribution in the plan and
the frames predominantly oriented in one direction; structural irregularities, i.e., presence
of indirect beam-beam supports, insufficient longitudinal and transverse reinforcement,
beams frame eccentrically to columns, smooth rebars for pre-1970 buildings, insufficient
length of embedment for the anchorage of the vertical reinforcement into the foundations;
and materials with poor mechanical properties [10,15].
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(b)

Figure 1. First-phase buildings: (a) RC buildings built in the end of 1950's in Alvalade and (b) its
plan with the indication of the presence of indirect supports beam-beam [42].

The RSCCS (Regulamento de Seguranga das Construgoes contra os Sismos) [4] was
introduced in 1958 as the first regulation that specifically defines the seismic action to be
considered in the design of the structures in Portugal, which led to the use of RC walls
around stairs and lifts, as well as flat slabs [15]. Nevertheless, the levels of seismic action
prescribed in the RSCCS are low when compared to the potential seismicity of some areas
of mainland Portugal and when compared to the current regulation (Eurocode 8) [15].
Buildings from this construction period are also characterized by the absence of masonry
infills on the ground-storey due to architectural aesthetics [43], as shown in Figure 2a. This
characteristic introduces a source of irregularity that can trigger torsional and/or soft-storey
effects, especially when no capacity design has been employed in the bare frame, which
reduces the structure’s seismic capacity [44,45]. The role of masonry infills on the seismic
performance of existing RC buildings has been extensively analyzed and documented such
in many past studies, such as [45-47].

7 ]
A Py w2 B VN K P4 vrw
s o 5 V- Y dyrr
td v r ' l viy I
- | 1 -

3 ._,‘_.'v.l——u—-” 3

of e ) PR (& ! ) i —
vez it 1 " ver
L
.._. " .
|

I .
23 V6 P vy m

(b)

Figure 2. Second-phase buildings: (a) RC buildings built at the end of 1960’s with RC walls and
pilotis and (b) typical plan of this construction period.

The fourth and more recent typologies of RC buildings (Figure 3) had origin in 1983
with the publication of RSA (Regulamento de Seguranca e A¢oes) [7] and REBAP (Reg-
ulamento de Estruturas de Betdo Armado e Pré-Esfor¢ado) [48], in which seismic action
plays a relevant part in the design of RC structures. It is important to mention that this year
marks the introduction of the RC building design codes (REBAP) considering the effect of
seismic action on the structure very similar to the design currently in practice (Eurocode 8).
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Figure 3. Modern buildings: (a) Modern RC building located in Benfica and (b) typical plan for this
period of construction.

The buildings designed according to these codes are characterized by high-performance
concrete, sometimes even prestressed, in residential buildings. There is also an increase on
what concerns the distribution of structural stiffness and a limitation of mass and stiffness
asymmetries (intending to reduce the secondary effects of seismic action). Nevertheless, the
vulnerability of those buildings can be highly variable since no quality control for design
and construction was assured, unless specified by the owner [43].

Table 1 presents a summary of the main characteristic of the RC typologies found in
Lisbon based on all the data gathered for this study and in work developed by Appleton
(2001, 2008) [14,43] and Costa and Providéncia (2019) [10].

Table 1. Summary of the RC typologies found in Lisbon.

Period of
Typology Construction Codes Remarks

-  presence of beam-beam supports.
- irregularities in plan and height.
— frames oriented in one direction.
— slender RC elements (columns, beams,
and slabs).
- inadequate reinforcement quantity and detail,

End of 40's-Beginning  RPEBA (1918) which does not provide adequate ductility to

of 60's RBA (1935) the elements.
- solid concrete slabs supported in beams and

not on masonry walls.

- unconfined concrete with low compressive
strength and inadequate cover.

- smooth rebars for reinforcement.

- seismic action not considered for the design.

1st phase RC building
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Table 1. Cont.

Typology

Period of

Construction Codes Remarks

2nd phase RC building

— unconfined concrete with low compressive
strength and inadequate cover.

—  presence of RC walls in the core of
the building.

- more regular frames.

—  more robust RC elements.

—  beam slab with the beams supported by the

RSCCS (1958) columns and later flat-slabs.

B;e%(i)r/ming of 60's-End RSEP (1961) - taller buildings a.nd with greater spans.
o s REBA (1967) —  employment of ribbed rebars for reinforcement

after the beginning of 70’s.

—  seismic action considered as equivalent static
forces (with a seismic coefficient depending on
the region of Portugal, with a maximum value
of 0.2 for regular constructions (i.e., buildings)
and 0.3 for construction elements (i.e., walls,
chimneys, etc)).

Modern RC buildings

—  columns, foundations, and slabs with
adequate reinforcement.
- presence of fungiform slabs supported by
columns and RC walls.
- use of regular and symmetrical structures.
RSA (1983) — increase of span length and eventually the use

REBAP (1983) of prestressing.

Beginning of 80's RBLH (1971) - use of better materials (concrete and

CEN (1990) steel rebars).
- use of mat foundations or piles as foundations.

—  seismic action considered as variable action
(with dynamic analysis methods and with
equivalent static forces for regular
constructions).

2.2. Census Data

National censuses are conducted every 10 years in the member states of the European
Union and EFTA (Iceland, Liechtenstein, Norway, and Switzerland) in which informa-
tion regarding the characterization and number of buildings among other attributes is
collected. However, available census data varies across each country and may not contain
the information on structural characteristics of the existing buildings stock. Nevertheless,
countries located along the Mediterranean and the Balkans, such as Portugal, provide
the number of buildings and detailed information on building characteristics, such as the
construction material (masonry, reinforced concrete, and others), the number of storeys,
construction age, and occupancy. This data is disaggregated at the parish level (nuts III)
which makes it possible to determine the distribution of building typologies in terms of
material, construction age, and number of storeys [33]. These characteristics can be used to
support the seismic vulnerability assessment of building classes, where the distribution of
these buildings can be used to perform risk assessment studies and to estimate the expected
losses across a given region or country.

In 2021, a new Census Survey was conducted in Portugal. Even though some provi-
sional results are already available, the definitive inventory of residential buildings will
be accessible during 2022. Hence, the results herein presented have been obtained from
the database of the 2011 Census [49]. According to the latter, RC buildings represent about
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50% of the total building stock in the country [35]. Moreover, 49% of these buildings were
constructed without adequate seismic provisions and based on early seismic codes [35].
The results for the Lisbon area indicate that 45% of the total building stock corresponds to
RC buildings, of which 71% were built before the introduction of modern seismic codes, as
presented in Figure 4a. Figure 4b shows the disaggregation of data in terms of typology
and for four construction periods, illustrating the different phases of construction observed
in Portugal, as mentioned before. Before 1946, masonry constructions (with and without
RC elements) is predominant. After this, an evident expansion of RC buildings is observed
until nowadays, alongside a decrease in the construction with masonry.
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Figure 4. Distribution of Lisbon building stock based on the (a) building typology and (b) building
typology and construction period.

Focusing on the RC typology, Figure 5 shows the distribution of RC buildings across
the various parishes of Lisbon. The parish of Alvalade, Benfica, Lumiar, Olivais, and Sao
Domingos de Benfica stand out due to their contribution with the RC buildings being
analyzed (almost 50% in each period of construction starting from the end of the 40's) to
the total RC building stock in Lisbon. The increase in the construction with reinforcement
concrete (first phase RC buildings) had a greater start in Alvalade (20% of the total RC
building stock built between 1946 and 1960) as well as, even though with less contribution,
in Benfica and Olivais. In contrast, these parishes exhibit a greater construction of second
phase RC buildings from 1961 to 1980 and modern buildings from 1980. It is thus concluded
that a huge number of RC structures are worth studying in Alvalade, Benfica and Olivais.
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Figure 5. (a) Disaggregation of RC building stock across the various parishes of Lisbon and (b) spatial
location of these parishes in Lisbon district.
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This supports the idea that: (i) a detailed analysis of the building stock of these parishes
can help to extrapolate results for other parishes in Lisbon; (ii) Alvalade and Benfica are
the critical parishes, presenting the highest percentages of oldest RC buildings.

2.3. Benfica and Alvalade Parishes as Representative of the Lisbon Building Stock

As mentioned before, the parishes of Alvalade, Benfica and Olivais have the highest
number of RC buildings in Lisbon. However, it was decided to collect data only from
Alvalade and Benfica due to the huge resources and time needed to do it for all of them.
Additionally, these two parishes also have a high percentage of the oldest RC buildings.
This section presents the historical context of these parishes and of what makes them so
valuable to the city.

Alvalade was largely characterized by fields, farms, and gardens, used for the summer
holidays of the nobles and as recreational and leisure spaces for the population. In the
1930s, Alvalade had the largest period of development, with major architectural projects
integrated into the city, such as “Plano de Urbanizagio da Zona Sul da Avenida Alferes Mal-
heiro”, which include the main avenues and neighborhoods of Lisbon. In the 1970s, several
subway stations were built (one of the city’s main transport networks) along with new
avenues, areas, and resources. For these reasons, Alvalade is considered a symbol of
modern Lisbon [50]. Benfica was initially a rural village distant from the center of Lis-
bon, which merged naturally with the city after the demographic growth and historical
evolution [51]. In the mid of the 18th century, there was a demographic increase of new
affluent social classes due to the attraction of Monsanto Mountain, the proximity to the
city, the accessibility to the coastline commerce and the benefits of the construction of a
water supply aqueduct. The high ageing of the local population and the emergence of new
job opportunities at the end of the 20th century led to an increasing migration rate of the
younger population from the city center to the suburban areas [52].

As is the case of Lisbon, the evolution of the urban area of a large city is summarized
by suburbanization and peri-urbanization, gentrification, industrial relocation, deconcen-
trating of economic activities and the improvement of transportation networks [53]. In
conclusion, Lisbon history inevitably goes back to the past of these two territories.

3. Exposure Model for the Lisbon Residential RC Building Stock

An exposure model requires the division of the building stock in different taxonomy
groups regarding the characteristics related to the vulnerability of the buildings to seismic
hazard [54]. The application of these taxonomies consists in the division of structures
according to the main characteristics that govern their seismic behavior and are usually
supported by a combination of authoritative data (i.e., census) and expert judgment or on
the collection of data in the field [55]. The accuracy of building taxonomies strongly depends
on the reliability and precision of the information in the corresponding databases [19,54].

3.1. Buildings Taxonomies

Building taxonomies are often divided in two types: specific risk-oriented taxonomies
or faceted taxonomies.

The first is usually employed for large-scale assessments and is used to assign a vulner-
ability model to individual buildings based on predefined typological classes connecting
similar structural features. Hence, the buildings belonging to each class are expected to
present similar seismic behavior. Several types of risk-oriented buildings taxonomies have
been proposed in the literature: the 1998 European Macroseismic Scale [20] has been used
in several European countries for risk assessment purposes; in the USA, ATC-13 Earth-
quake Damage Evaluation Data for California [21] was developed as a facility classification
scheme for California which has latter evolved to form FEMA P-154, which is still in use
today in an updated version (FEMA P-154 [22]); the HAZUS taxonomy [24] which is based
on FEMA 178 [23] was developed to describe the building stock in the USA and has been
extensively employed to model building inventories in America; and PAGER-STR [25] was
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developed as a global database of building inventories using a taxonomy of global building
types for use in near-real-time post-earthquake loss estimation and pre-earthquake risk
analysis. One of the main disadvantages of this method is the limited geographical scope
since most of these taxonomies have been proposed for a specific area. The employment
of a taxonomy for a different geographic location may increase the uncertainty of the
subsequent vulnerability calculations since a specific building may not comply with the
assumptions provided by the class itself [25].

The second type, which has been recently proposed, is composed by a set of attributes
whose function is to describe individual buildings’ characteristics related to seismic vulner-
ability at wide geographical scales [56]. However, while this taxonomy fills the gap found
in the risk-oriented taxonomy, such as the lack of conceptual clarity, compactness, and
scalability databases [19,56], the data collected is highly detailed, and not directly related
to building classes expectedly homogenous in terms of vulnerability, making it not feasible
to use in large-scale risk-assessment [19,55]. Pavi¢ et al. (2020) [19] provided an extensive
discussion on the advantages and disadvantages of both taxonomies. A thorough literature
review of existing taxonomies (both risk-oriented or faceted) can be found in GEM [28].

Among the available faceted taxonomies, such as the one in the SYNER-G project [26]
or the Word House Encyclopedia (WHE) [27], the Global Earthquake Model (GEM) Building
Taxonomy v2.0 [28] was designed to be applicable worldwide and has been employed
in several studies [32,57,58]. This taxonomy is defined by 13 main expandable attributes
and each attribute describes a specific building or class of buildings characteristic that
affects their seismic performance [59]. These attributes include: 1. Direction; 2. Material
of the lateral load resisting system; 3. Lateral-load resisting system; 4. Height; 5. Date
of construction/retrofit; 6. Occupancy; 7. Building position within a block; 8. Shape of
the building plan; 9. Structural irregularity; 10. Exterior walls; 11. Roof; 12. Floor and 13.
Foundation system. More information on the GEM Building Taxonomy Version 2.0 can be
found in the technical report [28].

3.2. RC Exposure Model

The exposure model developed in this study was based on the updated version of the
GEM taxonomy [28] and only focus, as already mentioned, on the RC residential building
stock of two parishes: Alvalade and Benfica, which includes 1306 RC buildings. To develop
a building-by-building exposure model, the drawings and design specifications of all these
1306 RC buildings have been collected and analyzed.

The GEM taxonomy is widely known, however, its list of attributes is highly complex
and arguably possible to fully collect in practice. Nevertheless, it has been recently used
to develop an exposure model without including all the attributes [60], a strategy that
can also be adopted in the future for the Lisbon area, using the data presented in this
study. Such an approach is also in agreement with the collection of only some of the GEM
taxonomy attributes for the RC residential building stock in Lisbon, carried out in this
study, as described in Table 2. Each attribute is defined by one or two levels of detail (Level
1 and Level 2, respectively) which differ in complexity. Attributes such as the building
occupancy, which do not have a direct impact on the seismic behavior of these buildings
but on the number of deaths or injuries in the case of a seismic event, were not considered.
Furthermore, since this study focused only on gathering data from RC buildings, the
only material of lateral load-resisting system considered was reinforced concrete cast-in-
place. For the lateral load resisting system, two types were considered: dual frame-wall
system (LDUAL) and moment-frame (LFM). The orientation of the load-bearing walls was
not considered.
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Table 2. Attributes of GEM Building Taxonomy used to describe Lisbon RC Buildings.
Attribute Level 1 Level 2
1. Material of lateral Concrete, reinforced Cast-in-place
L CR CIP
load-resisting system CR concrete
Non-ductile DNO
2. Lateral load Dual frame-wall system LDUAL Ductile, low ~ DUCL
resisting system Ductile,
Moment Frame LFM medium bucM
Ductile, high DUCH
3. Date of construction Upper and lower bound for the date of construction
. - YBET
or retrofit or retrofit
Number of Range of number
4 Heicht storeys above H of storeys above HBET
- Hels ground ground
Height of ground I;?n(f;ﬁf;gﬁgrt
floor level above HF & HFBET
level above
ground
ground
5. Regular or irregular Regular structure IRRE
F 8 & Irregular structure IRIR

The ductility of the lateral load resisting system was defined considering the design
code in use at the time of construction, following the recommendations of the SERA
Project [59]. Pre/low code RC buildings are assigned with no ductility, moderate code
RC buildings are assigned with low ductility and high code RC buildings are assigned
with medium to high ductility. Regarding height, two characteristics were considered: the
number of storeys above ground and the height of the ground floor. The first attribute
helps to determine the dynamic characteristics of the buildings. Higher buildings are
usually more flexible and have larger mass, therefore have a longer period of vibration.
On the contrary, shorter buildings generally have shorter periods of vibration. The data
regarding the number of storeys above ground floor was disaggregated in four classes: 1
to 4 (HBET:4,1), 5 to 7 (HBET:7,5), 9 to 8 (HBET:9,8) and 10 or more storeys (HBET:10+).
Regarding the second option, in Portuguese RC buildings, it is expected that the ground-
storey height is different from the remaining stories due to the requirement of wider spaces
(for commercial purposes or garages). According to Portuguese regulation, since 1975, the
minimum clear headroom for residential areas and for commercial establishments or public
areas is 2.40 and 3.00 m, respectively. The data was disaggregated in three intervals: 2.00 to
3.00 (HFBET:3,2), 3.01 to 4.00 (HFBET:4,3.01) and 4.01 to 6.00 (HFBET:6,4.01) meters. Finally,
the presence of structural irregularities in plan or height, such as the potential for the
formation of soft-storeys, was also assessed due to their influence on the seismic response
of RC buildings and separated in regular (IRRE) or irregular (IRIR). Figure 6 presents the
schematic diagram of the proposed building taxonomies defined to characterize the Lisbon
RC building stock. In total, 144 different typologies of RC buildings were defined.

> HBET41 |—
L HEET:10+ |—

Figure 6. Schematic diagram of the proposed building classes defined for Lisbon RC building stock.
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The distribution of buildings as a function of the lateral load resisting system and the
period of construction or number of stories is shown in Figure 7a,b, respectively. Figure 7c
merges the data of Figure 7a,b. It can be observed that most RC buildings were built before
1970. This is mostly observed for the parish of Alvalade, where a major part of its building
stock was built before 1970, with a focus on the LFM building typology. In the case of
Benfica, even though most buildings were built prior to 1970, an expansion of the RC
building stock in this parish is also evident for latest periods of construction.
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Figure 7. Distribution of buildings as a function of: (a) lateral load resisting system (LLRS) and
period of construction, (b) LLRS and number of storeys and (c) period of construction and number
of storeys.

Regarding the number of storeys, there is a tendency to use LFM structures for
low /medium height buildings and LDUAL structures for taller buildings in both parishes.
The seismic resistance of LDUAL structures is guaranteed by the interaction forces of the
frame-wall effect, while in the LFM structures, the seismic resistance is associated essen-
tially to the capacity in bending and shear of columns and beams. As expected, there is a
tendency for the tallest buildings to adopt the LDUAL as a lateral load resisting system,
to take advantage of the benefits of RC walls and the frame-wall effect along the building
height. Moreover, an increase in taller buildings in Benfica is observed from 1970 onwards.

Regarding the period of construction before 1970, more building constructions are
found in both areas, with the appearance of LDUAL buildings with 8 to 9 storeys (which are
considered very tall for that period). From 1970 to 1983, a discontinuity of LFM buildings
in favor of LDUAL building was observed. This period of construction is associated with
major modifications and development of design rules and the necessity to build in height
to take advantage of the in-plan area available within the city. From 1983 onwards, even
though a decrease in the number of new constructions is observed, preference is given to
LDUAL structures regardless of the building height.

Figure 8a,b show the distribution of buildings as a function of the ground-storey height
(GS Height) and period of construction, and as a function of the GS height and lateral
load resisting system (LLRS), respectively. When different from the remaining storeys,
the GS height can have implications on the structural behavior of the buildings, mostly
if it is characterized by the absence of masonry walls, which can lead to the formation of
soft-storey mechanisms. RC buildings in Avalade prior to 1970 are characterized by higher
ground-storey heights, while the distribution in Benfica is independent of the ground-storey
height. The distribution of buildings in terms of the configuration type is roughly the same
regardless of the ground-storey height.
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Figure 8. Distribution of buildings in function of the ground-storey (GS) height, in meters, and
(a) period of construction and (b) lateral load resisting system.

Figure 9 presents the data collected about the potential for the formation of soft-
storeys in the observed RC buildings. It shows that most buildings that are prone to the
development of soft-storeys were built before 1970 in both parishes, presenting a sharped
decrease onwards. This is related to the introduction of regulations that limited the use of
storeys without masonry infills. Still, these buildings represent nearly one-third of the total
RC building stock analyzed. Concerning the relationship between the lateral load resisting
system and the presence of taller ground-storeys (Figure 9b) no significant trend can be
observed. Moreover, different distributions can be found in the two parishes: in Alvalade,
the presence of taller ground-storeys happens for LDUAL buildings, while in Benfica, it is
not possible to see such a direct relationship.
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Figure 9. Distribution of buildings in function of the presence of a soft-storey and (a) period of
construction and (b) lateral load resisting system.

Figure 10 shows the data regarding the regularity in elevation according to EC2 [8].
Notice that the Alvalade parish has the most irregular buildings in elevation, unlike
Benfica, where the majority are regular. Furthermore, as for the soft-storey data, after 1970
the building’s configuration tends to be all regular (although there is a decrease in their
construction number).
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Figure 10. Distribution of buildings in function regularity in elevation.

Figures 11-13 show the geographic distribution of buildings in Alvalade and Benfica
regarding the lateral load resisting system, number of storeys and period of construction,
respectively. These figures allow to spatially analyze these three distinct categories together.
The collection of data was performed through the analysis of approximately 1300 draw-
ings and design specifications in collaboration with the Public Municipal Archives and
not from the Census data. For some drawings, no available data was found for all the
parameters under study, hence the irregular distribution of “no available data” buildings
in the following figures. To address this lack of information, the probabilistic distributions
of each variable, together with the correlation models between variables, can be employed
to properly sample the missing data for some of the buildings.
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Figure 11. Lateral load resisting system thematic map of (a) Alvalade and (b) Benfica.
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Figure 12. Number of storeys thematic map of (a) Alvalade and (b) Benfica.
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Figure 13. Period of construction thematic map of (a) Alvalade and (b) Benfica.

4. Structural Characterization

In this section, the material, geometric and structural characteristics gathered for
the RC building stock available in the parishes of Alvalade and Benfica are presented to
evaluate the variability of structural design and construction practices employed in different
construction periods and in different areas of Lisbon. The collected data (Table 3) was
grouped as a function of the type of lateral load resisting system and period of construction
to assess whether certain geometric and reinforcement properties were directly related to
these attributes.

Table 3. Attributes collected and inserted in the database for each RC building.

Category Attribute
Project number, building year, type of
General information occupation (residential, commercial, service,
or mixed).

Floors number, ground and regular floors
height, materials, structure type, RC classes,
type of configuration (LFM or LDUAL), slab

type and thickness.
Specific structural characteristics of RC Detailed structural cross-sections, longitudinal
elements (columns, walls, and beams) and transverse rebar, and RC elements data.
Soft-s and/or plan or height irregularities (and
the respective floor).

Global structural characteristics

Irregularities
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For each building’s blueprint, the main frames in the structure that would resist lateral
loads were chosen to measure the following set of geometric parameters: ground and upper
storey heights, column widths and depths, RC walls widths and depths, beam widths
and depths, and slab thickness. Each set of attributes was fitted to different probabilistic
distributions (normal, lognormal, exponential, gamma, beta and weibull) and the statistical
probability parameters were obtained through maximum likelihood estimation. To consoli-
date the approximation, the mean and the coefficient of variation (COV) were calculated.
Finally, the quality of the distribution fit was evaluated with the Pearson’s chi-square
test (Xz) for significance levels of 1%, 5%, and 10%. For some cases, the mode, which is
the value that appears more often, was also introduced. The obtained set of probabilistic
distributions can be used in subsequent studies to randomly generate building models
within each building typology, to be used to produce regional seismic vulnerability or risk
models, as performed in many past projects [17,61,62].

A good approximation of probability distribution requires a significant sample size.
Thus, for those attributes where a small sample size was obtained and, consequently,
considered non-valid, no probability distribution was applied. The statistical treatment of
the sample obtained for each attribute described in Table 3 was compared with some of the
values indicated in Eurocode 2 [8] and with similar studies.

4.1. Construction Material

This study analyzed several characteristics of the construction materials used in each
building, along with an attempt to study a probabilistic distribution of all Portuguese
building's properties.

The knowledge of the construction materials is essential when studying a building
stock since it allows the estimation of load values for any calculations (e.g., dead loads),
predict material degradation or even assess the behavior of each structure (i.e., determine
the mechanical properties of RC). To estimate the concrete and steel mechanical properties,
ideally, many buildings should be randomly selected, and in-situ tests should be performed
to determine the concrete compressive strength and steel rebar yielding and ultimate
strength. Though, this is a time-consuming and costly procedure, and these parameters
were determined from the original design projects, design codes in force at the time of
construction of these buildings and from other similar studies.

Regarding the concrete specifications, the first regulation that implemented a min-
imum requirement for compressive strength was implemented in 1918 which allowed
the use of concrete with relatively low resistance. With the introduction of REBA [6], the
concept of concrete resistance classes, with characteristic compressive strength ranging
between 18 MPa and 40 MPa, was introduced. Finally, with the RSA code [7], published
in 1983 and, more recently, with Eurocode 2 [§], the concrete classes were adjusted to
the international units and then extended to high compressive strength values. From
a past study [35] experimental core drilling tests were employed in buildings located
mainly in the center and north of Portugal to estimate the probabilistic distribution of
concrete compressive strength which resulted in a gamma distribution with a mean value
of 23.8 MPa. A limited amount of the analyzed blueprints had information regarding the
concrete compressive strength: 4% and 8% of the total number of buildings analyzed for
Alvalade and Benfica, respectively. Nevertheless, the average value obtained for Alvalade
and Benfica was, respectively, 25.1 MPa and 22.5 MPa, which are in accordance with the
study mentioned before.

Regarding the steel rebars, the first regulations date back to 1918 and 1935, requiring
the ultimate tensile strength of smooth steel bars to be greater than, respectively, ~387 MPa
and /377 MPa. With the introduction of REBA [6] in 1967, three steel resistance classes
were adopted, each characterized by its characteristic yielding tensile strength (fx) which
were later updated to MPa and introduced in Eurocode 2 [8,35]. According to Silva et al.
(2015) [35], most buildings were designed with steel ribbed rebars with a nominal strength
of 400 MPa and 500 MPa, and a smaller fraction with smooth bars with a lower resistance,
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mainly in RC buildings constructed prior to the 1970s [35]. From the limited available data
regarding the steel properties of the buildings, the average steel yielding strength obtained
for Alvalade and Benfica was 400 MPa (with 85% of the RC buildings have smooth rebars).

Table 4 provides a summary of the observed information regarding the construction
materials. Since this information is a non-numerical sample, emphasis is given to the most
common data observed.

Table 4. Summary of construction materials for the RC building stock of each parish.

Attribute Benfica Alvalade
Fagade Masonry infills walls (as single or double plans)  Masonry infills walls (as single or double plans)
Facade coating Marble, Limestone and Evinel (as wall tile) No data available
Roof Marseille and Lusa (as roof tile) Marseille and Lusa (as roof tile)
Interior Walls Masonry infills walls Masonry infills walls

Hydpraulic, ceramic, and stone (as floor tile) and
wood parquet
Present, mainly, in buildings built prior to the
1970s with a decrease for the subsequent years.
In total, 46% of the RC buildings are
characterized by a soft-storey

Pavement floor Ceramic and stone (as floor tile)

Present, mainly, in buildings built prior to the
1970s. In total, 34% of the RC buildings are
characterized by a soft-storey

Soft-storey

Structure type Reinforced concrete Reinforced concrete
Concrete B225 B180, B225, C20/25 and C40
Steel rebars A40 (usually as smooth bars until 1970s and A40 (usually as smooth bars and ribbed
ribbed afterwards) afterwards) and 5235
Foundation Pad footing (casually with strap beam) Pad footing

4.2. Storey Heights

In RC buildings located in Portugal, it is common for the ground-storey height to
be different from the remaining regular storeys due to the requirement of wider spaces
(for commercial purposes or garages). Since no relevant difference was observed in the
statistical analysis when disaggregating the data according to the period of construction or
the number of storeys, the information was compiled for the best distribution fit. Figure 14
shows the histograms and the associated probabilistic distribution of these parameters.
The ground storey height was found to follow a lognormal distribution with a mean of
3.69 m and a COV of 21%, whilst the regular storey height was found to follow a lognormal
distribution with a mean of 2.93 m and a COV of 7%. None of the distributions satisfied
the chi-square test for all significance levels.
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cov =21% 300 | cov = 8%
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Figure 14. Distribution of ground storey (a) and regular storey (b) heights for all RC buildings.
Table 5 show the probabilistic distribution of ground-storey and regular storey height,

disaggregated by parish. As expected, the ground-storey height is higher. Taller buildings
are usually built with a LDUAL structural system due to the benefits of the interaction
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forces of the frame-wall along the building’s height, as shown before in Figure 7 and now
with Table 5. In fact, RC buildings located in Alvalade tend to be taller, which is supported
by the fact that there are as many dual-frame wall (LDUAL) buildings as moment-frame
(LFM) buildings in Alvalade (unlike Benfica, where there are more LFM than LDUAL
buildings). This data is relevant when compared with other categories (i.e., presence of soft-
storeys, number and type of openings, distribution of interior walls or even cross-section of
the RC elements).

Table 5. Probabilistic distribution of ground and regular storey height for the RC building stock of
each parish.

Areas Sample Storey Probabilistic (m) COV (%) Min. (m) Max. (m) X2 Test
Size Distribution

Ground Lognormal 3.89 19 2.80 6.00 NS *
Alvalade 303 Regular Lognormal 3.03 4 2.70 4.00 NS *
. Ground Lognormal 3.54 21 2.50 5.40 NS *
pentica 400 Regular  Lognormal 2.86 10 2.10 4.00 NS *
Ground Lognormal 3.69 21 2.50 6.00 NS *
Total 703 Regular  Lognormal 2.93 8 2.10 4.00 NS *

* NS means that the Chi-square test could not be satisfied for any of the established significance levels.

4.3. Slab Thickness

RC buildings in Portugal usually feature two types of slabs: clay hollow blocks with
concrete topping layer and RC slabs. Both slab types are frequently found in central and
northern areas of Portugal [35]. The data collected concludes that there are indeed both
types of slabs, but the most frequently observed is the RC slab. The slab thickness and
type are both important characteristics to analyze, since they allow the identification of the
buildings’ data, how they relate to the stiffness of the floors in its plane and, consequently,
the impact they have on the structure’s seismic performance. Note that these parameters
also influence the estimation of the gravity loads.

Due to the limited information regarding the slab type of the analized buildings (only
59% of the total buildings), the sample size for hollow blocks slabs was insufficient (10% of
the total buildings) and no probability distribution was applied. Nevertheless, the average
thickness of hollow blocks slabs from the available data is 0.18 m. These results refer only
to Alvalade, as no data about hollow block slabs was gathered in Benfica.

Regarding RC slabs, no relevant difference was found in slab thickness between
LDUAL and LFM buildings which allowed to group all data. Figure 15 shows the histogram
and the associated probabilistic distribution of RC slab thickness of all buildings (located in
Alvalade and Benfica). The slab thickness follows a lognormal distribution with a mean
of 0.14 m and a COV of 24%. Comparing the data, although limited, for both types of
slabs, hollow block slabs tend to be thicker than RC slabs, mainly due to the height of the
hollow blocks.

Data collected for the slab thickness in both parishes have shown to follow a lognormal
distribution with a mean value of 0.12 m and 0.15 m for Alvalade and Benfica parish
respectively (Table 6). Silva et al. (2015) [35] has found, for RC slabs of buildings built
before 1983 in Portugal, an average thickness of 0.17 m and a COV of 19%, which agrees
with the obtained results.
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Figure 15. Distribution of slab thickness for all RC buildings.
Table 6. Probabilistic distribution of slab thickness for the RC building stock of each parish.
Areas Sample Size Pr.o b%blh.ShC Mean (m) COV (%) Min. (m) Max. (m) X2 Test
Distribution
Alvalade 246 Lognormal 0.12 27 0.08 0.40 NS*
Benfica 408 Lognormal 0.15 20 0.10 0.20 NS*
Total 654 Lognormal 0.14 24 0.08 0.40 NS *

* NS means that the Chi-square test could not be satisfied for any of the established significance levels.

4.4. Elements’ Cross-Section

Whilst the collection of data, it was often seen in the building design that RC frames
and RC walls were the only structural elements considered for the lateral resistant capacity
which allowed neglecting all elements that were built mainly for aesthetic purposes or as
support to secondary elements (i.e., balconies).

Regarding the cross-section dimensions of the RC elements, the collected data was
analyzed as a function of the number of storeys and period of construction.

For the column cross-sections, the data disaggregation revealed a strong correlation
with the number of storeys. The correlation with the building height is undoubtedly due
to the higher axial load levels in taller buildings, leading to columns with larger cross-
sections. This influence mainly affects the columns’ cross-section depth (Table 7). The
mean values slightly increase with the number of storeys because they would have to
sustain higher seismic internal forces. By contrast, no influence of the number of storeys is
observed on the columns’ cross-section width (Table 8) once these buildings were designed
only in one direction, and hence the smallest side of the cross-section of the columns was
comprised within a low value. Concerning the construction period, a strong adjustment on
the columns’ cross-section is verified for buildings designed after 1983. This modification
is due to the implementation in 1983 of the seismic code REBAP [48], which resulted in
higher bending moments in the design process, thus leading to larger sections, as was also
verified for the beam depth.

LDUAL buildings are generally characterized by fewer columns but with larger cross-
sections and RC walls located symmetrically in the center of the storey plan. By increasing
the walls’ cross-section dimensions, it was possible to reduce the number of columns.
Conversely, LEM buildings often shows a high number of columns, uniformly distributed
and symmetrically in plan, with smaller cross-sections. Table 9 provides the cross section
of the RC wall dimensions, without any relation with the number of storeys or period
of construction.
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Table 7. Probabilistic distribution of RC columns’ depth in function of the lateral load resisting
system (LLRS) and number of storeys.

Number s .
LLRS of Sarpple Mode (m) Pr.o ba.blh.Stlc Mean (m) C? v Min. Max. X2 Test
Size Distribution (%) (m) (m)
Storeys
<4 199 0.30 Lognormal 0.46 39 0.20 1.10 NS #
LEM 5-7 293 0.60 Gamma 0.57 32 0.25 1.20 NS *
8-9 146 0.40 Weibull 0.57 36 0.20 1.00 NS *
>10 13 0.55 Lognormal 0.72 25 0.55 1.00 NS *
<4 43 0.60 Beta 0.53 35 0.20 0.80 NS *
LDUAL 5-7 178 0.80 Gamma 0.58 40 0.20 1.25 NS *
8-9 108 0.35 Lognormal 0.69 52 0.35 2.60 NS *
>10 46 0.90 Gamma 0.71 34 0.40 1.20 NS *
* NS means that the Chi-square test could not be satisfied for any of the established significance levels.
Table 8. Probabilistic distribution of RC columns’ width in function of the lateral load resisting
system (LLRS) and number of storeys.
Number e .
LLRS of Sar?lple Mode (m) Pr.o b?blh.ShC Mean (m) C?V Min. Max. X2 Test
Size Distribution (%) (m) (m)
Storeys
<4 199 0.30 Lognormal 0.31 33 0.15 0.75 NS *
LEM 5-7 293 0.20 Lognormal 0.27 32 0.20 0.60 NS *
8-9 146 0.20 Lognormal 0.30 35 0.15 0.80 NS *
>10 13 0.30 NA * 0.30 45 0.17 0.70 NA *
<4 43 0.20 Lognormal 0.27 42 0.20 0.80 1%
LDUAL 5-7 178 0.25 Lognormal 0.29 27 0.20 0.55 NS *
8-9 108 0.20 Lognormal 0.29 31 0.18 0.60 NS*
>10 46 0.40 Lognormal 0.40 32 0.20 0.70 NS *
* NS means that the Chi-square test could not be satisfied for any of the established significance levels. * NA
means that the sample size is too small for statistical analysis.
Table 9. Probabilistic distribution of RC walls and beams’ cross section for each parish.
. RC . . Sample Probabilistic cov Min. Max. 2
Parish Elements Dimension Size Distribution Mean (m) (%) (m) (m) X" Test
Walls No available data
Alvalade B Depth 98 Lognormal 0.53 21 0.30 0.90 NS *
cams Width 98 Lognormal 0.27 30 0.15 0.50 10%
Wall Depth 163 Lognormal 2.00 31 1.60 4.00 NS *
Bent als Width 163 Lognormal 0.24 15 0.18 0.40 NS *
enhica . Depth 432 Lognormal 0.48 25 0.25 1.00 NS *
cams Width 432 Lognormal 0.24 28 0.10 0.50 10%

* NS means that the Chi-square test could not be satisfied for any of the established significance levels.

Comparatively to columns, data obtained for beams’ cross section (Table 9) it is not
influenced by the construction period or the number of storeys. The beam cross-section
height is mainly influenced by architectural requirements (clear headroom for residence
areas) while beam width is, in general, influenced by the thickness of the interior walls. The
data analysis showed that the beam design in more recent buildings has a significant variety
of cross-sections. In contrast, for older buildings (roughly before 1970s), it was frequent to
adopt the same cross-sections for all beams regardless of their location (changing only, if
necessary, the reinforcement ratio value).
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4.5. Reinforcement Details

For the reinforcement details, all the data gathered from the two selected parishes
was analyzed both together and separately. All reinforcement ratios were calculated
according to the current regulations, and, for the transverse reinforcement ratio, the largest
cross-section dimension was used to obtain the most conditioning reinforcement ratios, as
described in EC2-1 (§9.2.2, §9.5.3 and §9.6.4) [8].

4.5.1. Columns

With a view to characterize the reinforcement details of the RC columns present in
the analyzed buildings, the data collected is related to the most common and the largest
column’s in-plan cross-section. Since the results of these two types of columns are the
similar, all data was grouped into a single sample.

Figure 16a presents the distribution fitting of the longitudinal reinforcement ratio data
(longitudinal reinforcement area divided by the cross-section area) of both column type. In
this figure, the reference values for the minimum and maximum longitudinal reinforcement
ratio (Agmin and Agmax, respectively) according to EC2-1 (§9.5.2) [8] are also plotted to
verify the conformity with the current regulation. These limits were calculated with the
component related to the cross-section area since not enough data was collected to consider
all the EC2 conditions. Regarding these limits, it is observed that the columns of 7 buildings
(0.5% of the analyzed buildings) are characterized by longitudinal reinforcement ratios
lower than the minimum required, while the columns from 13 buildings (1% of the analyzed
buildings) have longitudinal reinforcement ratios higher than the maximum required. It
was thus concluded that about 1.5% of all RC buildings analyzed are in nonconformity
with EC2 [8].
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Figure 16. Distribution fitting of buildings regarding columns’ (a) longitudinal reinforcement ratio
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(%) and (b) diameter value of longitudinal reinforcement for all RC buildings.

Figure 16b shows the distribution of the longitudinal reinforcement diameter. It also
includes the minimum diameter limit imposed by the current regulations, which is 8 mm
according to EC2-1 (§9.5.2 (1) [8]. The diameter of the steel bars had to be converted
from imperial (inches) to metric (millimeters) units, and the smallest diameter observed
is equal to 4.76 mm (that corresponds to a steel bar with & 3/16”). Figure 16b shows that
about 3% of the analyzed buildings (32 buildings) are characterized by RC columns with
longitudinal reinforcement bar diameters equal to or below the minimum required by
EC2 [8]. According to a study conducted by Furtado et al. (2015) [37], in which 500 columns
of RC buildings located in Lisbon were analyzed, the average value of the longitudinal
reinforcement ratio observed was equal to 0.61% with a COV of 32%. This reduced value
can be justified by the minimum reinforcement ratios required by REBA (1967) [6] and
REBAP (1983) [48], which are, respectively, 0.4% for A24 (actual A235) and 0.3% for A400
and A500. In another study conducted by Sousa et al. (2019) [63], in which 500 columns
from RC buildings built between 1950 and 2000 in Lisbon were observed, significantly
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higher values were observed with an average longitudinal reinforcement ratio of 1.27%
and a COV of 40%. Both are consistent with the values obtained for this study, as presented
in Figure 16.

Table 10 shows the probabilistic distributions of the RC columns’ longitudinal rein-
forcement ratio as a function of the LLRS and period of construction.

Table 10. Probabilistic distribution of RC columns’ longitudinal reinforcement ratio (pot) in function
of the lateral load resisting system (LLRS) and period of construction.

Period of Sample Probabilistic
LLRS . Mode (%) Distribu- Mean (%) COV (%) Min (%) Max (%) X? Test
Const. Size A
tion
<1970 335 0.77 Lognormal 0.98 80 0.13 5.63 NS *
LFM 1970-1983 60 1.13 Lognormal 1.32 94 0.18 3.85 NS *
>1983 6 0.13 NA * 0.93 79 0.13 2.15 NA *
<1970 197 0.23 Lognormal 0.98 99 0.21 6.62 NS *
LDUAL 1970-1983 56 0.57 Lognormal 1.21 81 0.43 4.46 1%
>1983 20 0.52 NA * 0.96 51 0.52 2.06 NA *

* NS means that the Chi-square test could not be satisfied for any of the established significance levels. * NA
means that the sample size is too small for statistical analysis.

An increase of the mode and mean values of the longitudinal reinforcement ratio is
visible from each period, apart from buildings constructed after 1983, where the sample size
is too small to draw conclusions. This is due to the introduction of more strict requirements
for the design of reinforcement ratio with the evolution of design codes.

Figure 17a shows the distribution fitting of the transverse reinforcement ratio of all
RC columns, which tends to follow a lognormal distribution with a mean of 0.13% and a
COV of 66%. As mentioned before, the transverse reinforcement ratio was calculated in
order to obtain the lowest and most constraining values (in the direction in which the cross
section of the element is largest).
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Figure 17. Distribution of buildings regarding columns’ (a) transverse reinforcement ratio (%) and
(b) transverse reinforcement spacing for all RC buildings.

From the analysis of the building blueprints, it was noted that in buildings designed
prior to 1970, the transverse reinforcement design had insufficient detailing (with a low
diameter and large spacing) for different structural elements since the buildings were not
designed to resist lateral loads (same transverse reinforcement area for different structural
RC elements). This fact explains the lack of relevant differences in the transverse reinforce-
ment ratios between different columns in the same building, as well as in the RC walls and
beams (see following sections). However, it is important to note that from around 1970
onwards, the average transverse reinforcement ratios value have increased twofold. This is
justified with the introduction of REBA [6] in 1967, which introduced, for the first time, a
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more stringent requirement for the transverse reinforcement design to prevent the buckling
of the longitudinal reinforcement bars and to ensure the concrete confinement.

Figure 17b shows the distribution of transverse reinforcement spacing, which follows
a normal distribution with a mean of 0.20 m and a COV of 26%. In summary, comparing
the maximum spacing data observed with the conditions of EC2 [8], it is verified that,
despite assuming a relatively high value, the stirrups spacing is in accordance with the
current regulations.

Table 11 shows the probabilistic distributions of the RC columns’ transverse reinforce-
ment ratio as a function of the LLRS and period of construction. Similar to the results
obtained in Table 10, the transverse reinforcement ratio presents an increase over periods
of construction, which is directly connected to the introduction of more strict design rules
and a concern to build elements with higher confinement levels and, consequently, more
ductile structures.

Table 11. Probabilistic distribution of RC columns’ transverse reinforcement ratio (py) in function of
the lateral load resisting system (LLRS) and period of construction.

Period of

Sample

Probabilistic Cov Min Max

LLRS Const.  Size Mode (%) Distribution Mean (%) o) (%) oy X Test
<1970 307 0.14 Lognormal 0.12 66 0.02 0.69 NS *
LEM  1970-1983 59 0.19 Lognormal 0.21 68 0.03 0.57 NS *
1983 6 0.03 NA * 0.11 84 0.03 0.28 NA *
<1970 201 0.07 Lognormal 0.11 52 0.02 0.46 NS *
LDUAL  1970-1983 45 0.05 Lognormal 0.14 48 0.05 0.33 NS *
1983 18 0.28 NA * 0.21 39 0.07 0.28 NS *

* NS means that the Chi-square test could not be satisfied for any of the established significance levels. * NA
means that the sample size is too small for statistical analysis.

4.5.2. RC Walls

RC walls play a key role in LDUAL structures and should be designed as ductile, as
recommended in EC8-1 [9] and EC8-3 [64]. The walls should be properly confined with
stirrups (as the columns), and extra detailing is necessary at the cross-section extremity of
the walls that are not interconnected to other perpendicular walls. Figure 18a presents the
longitudinal reinforcement ratio of RC walls observed in the parish of Benfica, with the
indication of the minimum ratio recommended by EC2-1 (§9.6.2) [8]. This value follows a
lognormal distribution with a mean ratio of 0.45% and a COV of 93%. From this analysis,
it was stated that around 32% of LDUAL buildings have RC walls with longitudinal
reinforcement ratios lower than the minimum requirement of EC2-1 [8].
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Regarding the transverse reinforcement ratio, the results obtained are shown in
Figure 18b where a Gamma distribution with a mean ratio of 0.16% and a COV of 74% has
been obtained.

The analysis of the structural blueprints showed that, the RC walls were not well
detailed and were not prone to the same attention from designers in comparison to other
elements (i.e., columns). For most buildings, the same reinforcement design is kept for
different walls, which leads to different cross-section RC walls having the same longitudinal
reinforcement area.

Table 12 shows the probabilistic distribution of the longitudinal and transverse rein-
forcement ratio of the RC walls present in LDUAL buildings in Benfica as a function of the
period of construction. The influence of the period of construction is clearly seen on the
mean values of both longitudinal and transverse reinforcement ratios since an increase of
the later is observed with the evolution of structural design codes. Results are similar to
the ones obtained for the RC columns, where the average longitudinal reinforcement ratio
is relatively smaller in buildings built before 1970, increasing significantly (roughly half)
after this year (following the implementation of REBA [6].)

Table 12. Probabilistic distribution of longitudinal (ptct) and transverse (pw) reinforcement ratio of
Benfica’s RC walls in LDUAL buildings as a function of period of construction.

Reinforcement Period of Sample Probabilistic o cov Min Max
Ratio Const. Sizlze Mode 1 tribution M€ (%) (o) (%) (%) X? Test

<1970 97 0.08 Lognormal 0.33 96 0.02 1.75 NS *

Longitudinal 1970-1983 43 0.20 Weibull 0.63 61 0.06 1.48 NS *
>1983 11 1.17 NA * 0.78 53 0.61 1.17 NA *

<1970 97 0.12 Gamma 0.14 96 0.01 0.90 NS *

Transverse 1970-1983 43 0.23 NA * 0.19 23 0.11 0.27 NA *
>1983 11 0.23 NA * 0.29 71 0.23 0.90 NA *

* NS means that the Chi-square test could not be satisfied for any of the established significance levels. * NA
means that the sample size is too small for statistical analysis.

4.5.3. Beams

Regarding the beams statistical analysis, a comparison between the edge beams and
interior beams was performed, since, normally, the design of the interior beam cross-
sections has restrictions on the height dimensions due to the compliance with the clear
headroom. Note that, the longitudinal and transverse reinforcement ratios values were
calculated at the mid-span of all beams (in both regions) and the sample of beam from
Benfica region is about seven times bigger than Alvalade.

Figure 19 presents the observed data of the longitudinal reinforcement ratio in edge
beams and interior beams. The data for both types of beams follow a gamma distribution,
with the edge beams presenting an average transverse reinforcement ratio of 0.62% and a
COV of 88% while the interior beams present an average transverse reinforcement ratio
equal to 0.56% and a COV of 70%.

Table 13 shows the statistical analysis of the longitudinal reinforcement ratio of beams,
measured at the element’s mid-span and similar to the results obtained for the cross section
of these elements, the longitudinal reinforcement ratio has shown no influence with the
number of storeys or construction period.
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Figure 19. Distribution of buildings regarding longitudinal reinforcement ratio (%) for (a) edge beams
and (b) interior beams for all RC buildings.

Table 13. Probabilistic distribution of RC beams’ longitudinal reinforcement ratio for each parish.

Tepe Sample Mode Probabilistic Mean piot (ﬁo‘(;:ﬁrizlgg; Min. piot Max.piot Chi-Square
M Size Piot Distribution (%) ! (%) (%) Test (%)
(%) (%)

Edge 66 0.30 Lognormal 0.64 69 0.06 2.37 1
Alvalade .

Interior 60 0.43 Lognormal 0.78 56 0.12 2.11 1
Bent Edge 413 0.13 Gamma 0.62 922 0.04 3.91 NS *
el mhterior 415 0.10 Gamma 0.52 71 0.06 2.73 NS *

* NS means that the Chi-square test could not be satisfied for any of the established significance levels.

The transverse reinforcement ratio does not differ between the two types of beams-
mean of 0.19% and COV of 115% for edge beams and mean of 0.21% and COV of 165% for
interior beams as it can be seen in Figure 20. Both types follow the trend of a lognormal
distribution (without satisfying the chi-square test). As for the longitudinal reinforcement,
it does not vary depending on the beam location. In addition, it was found that it was
common to bend the beam longitudinal steel bars from the lower to the upper zone near
the supports and use high constant stirrup spacing along the beam (instead of reducing it
near the beam-column joints). This has a large influence on the beam’s performance during
an earthquake since in case of a shear stress inversion due to the seismic action, the number
of stirrups is not enough to guarantee the development of the required ductility level [11].
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Figure 20. Distribution of buildings regarding transverse reinforcement ratio (%) for (a) edge beams
and (b) interior beams for all RC buildings.

Table 14 shows the statistical analysis of transverse reinforcement ratio of the beams,
measured at the support of these elements (beam-column joints). The results obtained show
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lower values when compared to modern practices. However, these results are justified
by the design practices at the beams’ end as mentioned above, where the longitudinal
reinforcement was bended in diagonal and no attention was given to the spacing of stirrups.

Table 14. Probabilistic distribution of RC beams’ transverse reinforcement ratio for each parish.

Mean Coefficient Min. Max

Sample Mode py Probabilistic . . : Chi-Square
Type . o e e . Pw of Variation Pw Pw o
Size (%) Distribution %) %) %) (%) Test (%)
Alvalad Edge 66 0.10 Lognormal 0.19 98 0.01 3.28 NS *
valade  Interior 60 0.21 Lognormal 0.25 97 0.04 5.81 NS *
Benfi Edge 413 0.14 Lognormal 0.20 78 0.02 1.58 NS *
e Interior 415 0.14 Lognormal 0.20 97 0.03 1.68 NS *

* NS means that the Chi-square test could not be satisfied for any of the established significance levels.

4.5.4. Discussion of Results—Reinforcement for Vertical Structural Elements

The ranges of values obtained for longitudinal and transverse reinforcement ratios
of experimental databases available in the literature are presented here for comparison
purposes. Table 15 shows the ranges of longitudinal and transverse reinforcement ratios
of columns from some of the experimental databases deemed representative of lightly
reinforced concrete columns, characteristic of old existing RC buildings constructed prior
to the introduction of modern seismic codes.

Table 15. Ranges of longitudinal and transverse reinforcement ratios of experimental databases
(adapted from [65]).

Longitudinal Reinforcement Ratio ptot Transverse
Model Sample Size (%) Reinforcement Ratio pyw (%)
Range Mean Range Mean
Priestley et al. (1993) [66] 86 columns N.A. 0.16< py <1.31 N.A.
Pujol et al. (1999) [67] 92 columns 0.5 < ptot < 5.1 N.A. 0.0< pw <1.64 N.A.
Sezen (2002); Elwood and
Moehle (2003, 2005); Sezen and 50 columns 1<piot <4 2.3 0.10 < pyw <0.65 0.3
Moehle (2004) [68-71]
Aslani and Miranda (2005) [72] 92 columns 09 < piot <4 24 0.05< pw <0.7 0.25
Zhu et al. (2007) [73] 125 columns 1.2 < ptot < 3.3 227 0.06< py <2.2 0.55
Leborgne (2012); LeBorgne and
Ghannoum (2014) [74,75] 32 columns 1.3 < ptot < 3.8 2.44 0.07< pw <1.41 0.36
Wibowo etal. (2014); Wilson 51 1, 0.56 < prot < 4 2.01 0.07< py <0.38 0.23

et al. (2015) [76,77]

Comparing the values in Table 15 with the data obtained from the RC columns and
walls in Lisbon analyzed in this study (presented in Tables 10 and 11), it is observed that
both minimum and maximum mean values observed in previous studies are well above
the mean ratios obtained herein (Tables 10 and 11). As far as the transverse reinforcement
ratio for columns is concerned, the mean values for Alvalade and Benfica buildings are of
about 0.10% and 0.14%, respectively. Both mean values are well below the mean transverse
ratios described in Table 15, which are between 0.23% and 0.55%.

It is worth noting that, based on the experimental database identified in Table 15,
analytical shear models were developed and are available in the literature [65]. Neverthe-
less, these models were based on experimental results of specimens with higher transverse
reinforcement ratios, assuming that shear failure can occur only after flexural yielding.
For this reason, these approaches are not adequate to simulate the type of shear failure
that is expected to occur in typical old RC buildings in Lisbon, in which the low values
of the transverse reinforcement ratios of these vertical structural elements indicate that
shear failure can develop before flexural yielding and without the development of inelastic
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deformations [65]. Special attention should thus be paid to the modelling approaches used
for the seismic vulnerability assessment of old RC buildings representative of the Lisbon
building stock, as they are characterized by extremely low transverse reinforcement ratios.

5. Conclusions

This study presents and describes in detail an extensive collection and analysis of
structural characteristics of reinforced concrete (RC) buildings located in two representative
and historical neighborhoods of Lisbon: Alvalade and Benfica. The main objective is to
provide statistical information on the representative Lisbon RC building stock that allows
the development of exposure models which can be used in risk and loss assessment models.

In the first part of the study, the results from the last Census performed and available
in Portugal were examined with the purpose of evaluating the distribution of RC buildings
in the Lisbon area. It was observed that most RC buildings are located in the parishes of
Alvalade, Benfica and Olivais. However, only the buildings located in Alvalade and Benfica
were fully analyzed, given the fact that these are the ones that can be used as representative
and whose data can be used as proxies to characterize the entire district of Lisbon. In the
second part, the updated version of a popular taxonomy scheme, proposed by the Global
Earthquake Model (GEM) initiative, was employed to disaggregate the analyzed buildings
into pre-defined taxonomy groups with a view to the development of a seismic exposure
model. Accordingly, a large number of building attributes were observed and collected,
enabling accurate descriptions of the structures and their classification within the proposed
taxonomy.

Based on the extensive data that was collected and analyzed, it is concluded that
most RC buildings were built before 1970, which emphasize the potential high seismic risk
associated with this building stock.

Furthermore, it was also found that there is a tendency to use moment-frame (LFM)
structures for low /medium height buildings and dual frame-wall system (LDUAL) struc-
tures for taller buildings in both parishes. Moreover, RC buildings in Alvalade until 1970
present more irregularities in elevation when compared to RC buildings in Benfica.

Finally, an in-depth analysis of the material, geometric and structural characteristics
of the RC buildings located in the two selected parishes was performed, to evaluate the
variability of structural design and construction practices employed in different construc-
tion periods and different areas of Lisbon. In this way, the data of various parameters
was disaggregated and correlated to assess whether certain geometric and reinforcement
properties are directly related or not to the construction date and/or number of floors.The
results obtained for the cross section of RC columns have shown, as expected, a strong
influence of the number of storeys, as these buildings were mainly designed considering
the gravity load. Regarding the construction period, a strong adjustment on the columns’
dimensions is observed for buildings designed after 1983 due to the implementation of
the seismic code REBAP. On the other hand, the cross section of beams is not influenced
by the construction period or the number of storeys. Regarding the reinforcement ratios
of the RC elements, a strong influence of the period of construction has been seen in RC
columns and walls due to the introduction of more strict requirements on the design of
reinforcement ratio with the evolution of design codes. Overall, an improvement in most
structural elements regarding its design is perceived with the increase in knowledge over
the construction periods.

The fitting of the observed data with the probabilistic distributions did not always
satisfy the chi-square test, which may point out some cases for which a larger sample is
needed to ensure a higher quality of the fit. Most of the collected data and corresponding
statistical parameters are in line with the results obtained in past similar studies, which is
interesting to observe and encouraging to be extended to other parishes in Lisbon. At the
same time, it was also observed how the buildings in Lisbon, constructed before 1983, are
characterized by very low transverse reinforcement ratios in all RC elements (low ductility
level), soft-storeys and diagonal reinforcement rebars in beams which denotes a clear need
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for a careful shear capacity evaluation in future seismic risk endeavors for the Lisbon area.
Moreover, future research can also address more structural properties, such as the span
length of the beams (as a function of its height), which can also play an important role in
large-scale seismic risk analyses.
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