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ABSTRACT

The research aims to advance the field of seismic design by examining the structural behaviour
of reinforced concrete (RC) structures in accordance with the first and second generations of
Eurocode 8, mainly focusing on the vertical irregularity criteria. The document integrates
substantial theoretical, comparative, and numerical research on seismic codes, vertical
irregularity criteria comparison and structural behaviour under seismic actions.

The introduction outlines the thesis's scope and objectives, highlighting the need to
advance seismic-resistant design methodologies in response to the continual evolution of
building codes, with a specific focus on structural vertical irregularities. It contextualizes the
critical role of seismic structural engineering in mitigating earthquake-induced damage to
infrastructure.

The thesis conducts a review of international seismic design standards. It compares them,
mainly focusing on vertical irregularity criteria and the regularity classification impact in the
seismic behaviour factor. It was presented the lessons learned from experiences of structural
damages in seismic events associated with structural irregularities in China, Italy, Spain, Nepal,
Mexico and Turkey. Additionally, this section compared the vertical irregularity criteria
through several seismic codes, including those from Europe, Brazil, Mexico, Chile, USA and
New Zealand.

The chapters dedicated to numerical studies present a comparative evaluation of the
effects of the first- and second-generation vertical irregularity criteria outlined in Eurocode 8
on the seismic performance of Ductility Class Medium (DCM) RC moment-resisting frames
and shear wall systems. It evaluates the impact of imposed vertical irregularity due to increasing
height, column cross-section, inter-storey mass and resistance shift. Furthermore, it was
assessed the combined influence of irregularity in elevation and corrosion in seismic response.
Through comprehensive numerical simulations and structural analyses, the study elucidates the
extent to which these parameters influence the overall structural integrity and safety of
buildings subjected to seismic loading.

From those contributions, an assessment was conducted to examine the changes in the
methodology for calculating the behaviour factor between the first and second generations of
Eurocode 8 as applied to the developed structural models. The main purpose of this chapter is
to evaluate different levels of vertical irregularity and propose the correspondent intermediate
corrections levels of behaviour factor. The findings highlight the differential impact of vertical
irregularity on seismic response and support the proposed amendments for inclusion in the draft
of the second generation of Eurocode 8.

Finally, the document concludes by synthesizing the research findings and outlining
prospective directions for the continued development of seismic design standards and practices.
It identifies key areas where further investigation is warranted to enhance the understanding
and assessment of structural irregularities in RC buildings, with the aim of improving their
seismic performance. Emphasis is placed on the necessity for ongoing innovation and
adaptability within the field of structural engineering to address the evolving challenges
presented by seismic hazards.

KEYWORDS: Vertical irregularity, RC structures, Eurocode 8, seismic codes, behaviour factor.
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RESUMO

A investigagdo visa 0 avango na area de projeto sismico, examinando o comportamento
estrutural de estruturas de betao armado (BA) de acordo com a primeira ¢ a segunda geracoes
do Eurocodigo 8, com foco principal nos critérios de irregularidade em altura. O documento
integra pesquisa tedrica, comparativa ¢ numérica sobre codigos sismicos, comparacao de
critérios de irregularidade em altura e comportamento estrutural sob agdes sismicas.

A introdugdo descreve o escopo e os objetivos da tese, destacando a necessidade de
avangar em metodologias de projeto resistentes a sismos em resposta a evolugao continua dos
codigos de construcdo, com foco especifico em irregularidades verticais estruturais,
contextualizando o papel critico da engenharia estrutural sismica na mitigacdo de danos a
infraestrutura induzidos por terremotos.

A tese realiza uma revisdo das normas internacionais de projeto sismico. Ela as compara,
com foco principal nos critérios de irregularidade em altura e no impacto da classificagdo de
regularidade no coeficiente de comportamento sismico. S@o apresentadas as li¢gdes aprendidas
com as experiéncias de danos estruturais em eventos sismicos associados a irregularidades
estruturais na China, Italia, Espanha, Nepal, México ¢ Turquia. Além disso, esta se¢do
comparou os critérios de irregularidade vertical em diversas normas sismicas, incluindo as da
Europa, Brasil, México, Chile, EUA e Nova Zelandia.

Os capitulos que abordam o trabalho numérico apresentam uma avaliagdo comparativa
dos efeitos dos critérios de irregularidade em altura de primeira e segunda geragao, descritos no
Eurocddigo 8, sobre o desempenho sismico de estruturas tipo pértico de betdo armado de Classe
de Ductilidade Média (DCM) e sistemas tipo parede. Avalia-se o impacto da irregularidade em
altura imposta devido ao aumento da altura, da secao transversal do pilar, da variagao de massa
e de resisténcia entre pisos. Além disso, avaliou-se a influéncia combinada da irregularidade
em altura e da corrosdo na resposta sismica. Por meio de simulagdes numéricas abrangentes e
analises estruturais, o estudo elucida em que medida esses pardmetros influenciam a integridade
estrutural geral e a seguranca de edificios submetidos a sismos.

A partir dessas contribui¢des, foi realizada uma avalia¢do para examinar as mudangas na
metodologia de calculo do coeficiente de comportamento entre a primeira e a segunda geracao
do Eurocddigo 8, aplicadas aos modelos estruturais desenvolvidos. O principal objetivo deste
capitulo ¢ avaliar diferentes niveis de irregularidade em altura e propor os correspondentes
niveis intermédios de correcdo do coeficiente de comportamento. Os resultados destacam o
impacto diferencial da irregularidade em altura na resposta sismica e fundamentam as alteragdes
propostas para inclusao no projeto da segunda geracao do Eurocodigo 8.

Por fim, o documento conclui sintetizando os resultados do trabalho desenvolvido e
delineando as diregdes prospetivas para o desenvolvimento continuo de padrdes e praticas de
projeto sismico. Identificou-se areas-chave nas quais se justifica uma investigagdo mais
aprofundada para aprimorar a compreensdo e a avaliacdo de irregularidades estruturais em
edificios de concreto armado, com o objetivo de aprimorar seu desempenho sismico. Enfatiza-
se a necessidade de inovagao e adaptabilidade continuas no campo da engenharia estrutural para
enfrentar os desafios em evolucdo apresentados pelos riscos sismicos.

PALAVRAS-CHAVE: Irregularidade em altura, estrutura de betao armado, Eurocodigo 8,
normas sismicas, coeficiente de comportamento.
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1 Introduction

1.1 MOTIVATION

Seismic Structural Engineering is a specialized discipline within structural engineering focused
on minimizing damage resulting from seismic events. It encompasses the prediction of
earthquake-induced impacts on physical structures, the design and development of resilient
structural systems, and the evaluation and retrofitting of existing buildings. This field also
ensures adherence to seismic design provisions and structural building codes to enhance safety
and performance during ground shaking [1].

Given the inherently unpredictable nature of seismic activity, quantifying damage control
within the framework of code provisions remains a complex task, primarily due to the need to
define acceptable levels of structural risk. The central challenge in the efficient design of
earthquake-resistant structures lies in achieving an optimal balance between seismic demand
and the structural capacity to withstand seismic effects without experiencing catastrophic
failure. This requires careful consideration of multiple parameters that characterize structural
behaviour under dynamic loading conditions [1].

Observations on buildings’ performance during strong earthquakes have served as means
of teaching builders and engineers on proper and improper construction of earthquake load
resisting systems [2—4]. In regions that have long been inhabited and subjected to relatively
frequent firm ground shaking, design procedures have evolved, resulting in relatively good
performance of engineered structures. Although such design procedures are not universally
applicable due to regional differences, structural engineers can learn much by studying those
procedures in construction materials and techniques [5].

Several damage mechanisms in buildings have been repeated and identified as
inappropriate structural configuration, among them: torsion produced by the inclusion of
asymmetrical masonry infills, first soft-storey buildings and poor longitudinal and transverse
reinforcement detailing [6].

A torsionally unbalanced system, popularly known as a plan asymmetric system, occurs
due to the noncoincidence of centre of mass (CM) and centre of stiffness (CS). To understand
the behaviour of structures, they were ideally conceptualized as a representative single-story
system with the same fundamental period, or at most a low-rise multistorey system whose CM
need not lie in the same vertical line in only a few studies [7]. However, a multistorey torsionally
unbalanced system having a CM and CS of each storey on the same vertical line is rare in
practice [8].

Almost all the buildings have a lack of symmetry and irregularity, to some extent, at least
for functional and/or architectural purposes. Most of the code provisions are neglected about
multistorey asymmetric buildings, perhaps due to the complications involved in the definition
of CM and CS, even though issues related to asymmetry were recognized much earlier [9—13].
It's important to highlight that efforts have been made to locate the CS of each level story [14]
and also to propose a methodology for the analysis of multistorey asymmetric structures without
calculating the CS of each story [15].

Although considerable research effort has been made to study the seismic behaviour of
asymmetric structure, relatively less effort has been made toward understanding the same for
various types of irregular structures [8]. This study highlighted that very little research has been
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conducted toward structures with irregularities along both principal directions. Further research
is needed with the various soil movements, degraded nature of the material properties,
effectiveness of the location of the shear walls and many other related issues to perform a better
seismic risk assessment.

The elevation of buildings may exhibit geometric irregularities along their height, often
resulting from nonuniform vertical distributions of mass, stiffness, or structural strength. Such
irregularities contribute to vertical discontinuities that can significantly affect a structure’s
seismic performance. A notable example is the open-storey configuration, which falls within
this category of vertical irregularity. Variations in geometry along the building height can lead
to localized stress concentrations, thereby increasing structural vulnerability. Common
instances of this phenomenon include buildings with vertical setbacks and those constructed on
sloped terrains, such as in hilly regions [8]. General forms of this type of irregularity are
demonstrated in Figure 1-1.
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Figure 1-1: General forms of vertical irregularity. Adapted from Das et al. [8]

EN 1998-1:2004 [16] constitutes the current state-of-the-art reference for seismic design
within Europe. Nevertheless, several of its provisions require revision to reflect recent advances
in research and insights gained from practical application. The forthcoming second generation
of Eurocode 8, prEN 1998-1-2:2024 [17], is currently under review and incorporates substantial
updates across multiple domains. These include refinements to the ductility class framework,
revised criteria for assessing structural irregularities in both plan and elevation, and the
decomposition of behaviour factors, among other significant modifications.

A notable innovation in prEN1998-1-2:2024 [17] is the incorporation of displacement-
based design, which complements the traditional force-based approach with reduced equivalent
forces. This code introduces the necessary resistance models for applying this approach to
reinforced concrete structures, thereby enhancing the accuracy and performance-based nature
of seismic design.

EN 1998-1:2004 [16] permits the determination of the design seismic base shear force
through elastic analysis, with subsequent reduction by a constant factor (behaviour factor) to
account for the ductile, nonlinear behaviour of the structural system. The behaviour factor
reflects the structure’s capacity to dissipate energy through hysteresis, as well as its inherent
overstrength and redundancy. However, the quantification of parameters related to structural
behaviour remains an area of ongoing investigation. These issues continue to be the subject of
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active research and discussion within both the academic and professional engineering
communities.

The behaviour factor (g), according to EN 1998-1:2004 [16] represents an approximation
of the ratio between the seismic forces a structure would be subjected to under fully elastic
response conditions, with 5% viscous damping, and the reduced seismic forces permitted for
design purposes using a conventional elastic analysis model. This reduction is intended to
ensure an adequate structural response, as outlined in the provisions of the code. The behaviour
factor significantly influences the shape of the design response spectrum, particularly affecting
the spectral acceleration values. Consequently, the magnitude of the design forces is highly
sensitive to the value assigned to the behaviour factor.

In the other hand, prEN1998-1-2:2024 [17] introduce a behaviour factor composed by the
product of the behaviour factors components:

1. gr: component that accounts for overstrength due to the redistribution of seismic
action effects in redundant structures;

2. gs: component that accounts for overstrength due to all other sources;
3. ¢p: component that accounts for the deformation and energy dissipation capacity.

gr exceeding unity is only achievable in structures exhibiting redundancy, however, gr is
not a redundancy measure, nor is plastic deformation capacity. Rather, it quantifies the
discrepancy between the internal force distribution obtained through linear elastic analysis and
that which occurs near ultimate limit states, incorporating all relevant sources of nonlinearity.
gs primarily reflects material overstrength and the additional resistance arising from inevitable
overdesign of structural elements. The gp component captures the structure’s capacity for
deformation and energy dissipation, which is influenced by various factors including the
deformation capacity of walls, the degree of wall coupling via slabs and ring beams, the spatial
distribution of wall lengths, and torsional effects. These components of the behaviour factor
play a critical role in displacement-based design approaches, particularly in relation to chord
rotation analyses, inter-storey drift limits, and second order effects.

The subsequent chapters undertake a detailed examination of the aforementioned aspects,
encompassing in-depth evaluations, comparative analyses, and a synthesis of the results. This
discussion aims to develop a comprehensive understanding of the structural implications
associated with vertical irregularities in RC buildings.
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1.2 GOALS AND ORIGINALITY

This research addresses critical aspects of vertical irregularities in seismic design and detailing
in RC structures. It is internationally recognized that the issue of structural irregularities is not
yet fully developed or studied, with many current regulations having a simplified approach to
the problem, so investing in research in this area is crucial.

The study aims to advance the understanding of irregularity in elevation criteria
consideration and impact in design provisions for seismic-resilient structures by conducting a
comprehensive investigation encompassing various chapters.

The specific objectives of this study are:

1. Comparative analysis of vertical irregularity criteria established by first and
second generation of Eurocode 8 and other international seismic codes;

2. Assess the effect of each irregularity in elevation criteria in the RC structures
seismic response;

3. Evaluate the combined effect of corrosion and vertical irregularity in the seismic
response;

4. Proposal of a new scale to affect the behaviour coefficient of Eurocode 8
according to the level of irregularity;

5. Assess several existing buildings regarding vertical irregularities criteria from
different seismic codes;

6. Evaluate the influence of irregularity in elevation classification, seismic standard
considered in the design and differences in structural properties in seismic
response of the existing buildings.

This work may contribute to the improvement of Eurocode 8 in the assessment of
different levels of vertical irregularities and its impacts on the structural performance during
seismic events, therefore it is intended to propose additional irregularity classification, such as
irregular and strongly irregular structure. This new scale proposal will affect the behavior
factor, q, according to the irregularity level. These can better adequate the use of the Eurocode
8 requirements for the seismic design of RC structures and consequently contribute to risk
mitigation.

1-4
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1.3 DOCUMENT ORGANIZATION

Figure 1-2 presents a structured overview of the document's organization, illustrating the logical
flow between chapters. This visual representation facilitates navigation and enhances
comprehension of the topics and tasks progression throughout the document. Additionally, it
highlights the hierarchical relationship among the chapters, providing readers with a clear and
coherent framework to follow.

Chapter 1, “Introduction”, offers essential context and articulates the rationale
underpinning the study. The motivations and objectives of the current investigation are outlined,
thereby establishing a foundation for appreciating its significance. By delineating the driving
factors that initiated the research, the introduction facilitates a deeper engagement with the topic.
Additionally, it identifies gaps within existing knowledge or practice, highlights areas
warranting further exploration and states the specific aims the study seeks to accomplish.
Finally, the introduction serves as a conceptual guide, orienting the reader to the trajectory of
inquiry pursued throughout the research.

Chapter 2, entitled “Code requirements for the seismic design of irregular elevation RC
structures”, describes and compares seismic codes from:

1. Europe: First and second generation;
2. Brazil;

3. Mexico;

4. Chile;

5.

United States of America;
6. New Zealand.

This description and comparison are focused on structural irregularities in elevation
criteria, regarding their quantitative or qualitative nature and their limitations. This chapter also
discusses the most common types of structural damage due to seismic events and the
documented experiences of structural damages in earthquakes associated with structural
irregularities in China, Italy, Spain, Nepal, Mexico and Turkey. Finally, there are discussed the
level of development of each assessed seismic code, considering the specific matter of vertical
irregularities.

In Chapter 3, “Comparative analysis of the impact of vertical irregularities on reinforced
concrete moment resisting frame structures according to Eurocode 8”, a study is conducted
concerning the influence of the irregularity in elevation, imposed by different elevations, on the
ground and intermediate storeys of buildings, and variations in the cross-sections of columns in
the seismic response of reinforced concrete (RC) structures. The research aims to evaluate the
impacts of the vertical irregularity criteria in seismic response of framed RC structures (lateral
stiffness, mass and resistance shift).

This examination was carried out by assessment of thirteen DCM (Ductility class
medium) five-storey moment-resisting frame (MRF) buildings, regarding the first and second
generation of Eurocode 8 vertical irregularity criteria. Firstly, those structures were designed
considering the Eurocode 8 guidelines and classified as regular or irregular in elevation. All
structures were conceived to be regular in plan.
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The outcomes demonstrated the impact of increasing the heights of ground or middle
floor, columns cross-sections reductions and mass and resistance shifts in buildings
substantially impacts, in different levels, the seismic response.

The findings offer valuable information on vertical irregularities criteria impact in seismic
response, providing the opportunity to better choose the control variable to assess this matter in
further chapters.

Chapter 4, denominated “Numerical analysis of corrosion and vertical irregularity
impact in seismic response in RC frame models”, discusses the combined impact of rebars
corrosion and vertical irregularity in MRF RC structures. To address this matter, it has been
carried out the assessment of several experimental studies regarding corrosion in columns. With
that information, it was performed the definition of the models’ settings to each level of
corrosion.

With the models’ calibration, the 5-10 storey MRF RC structures were designed
according to the first and second generation of Eurocode 8 guidelines. There was performed the
vertical irregularity classification of each structure and, when necessary, the model was
redesigned. Finally, with the corrosion levels settings and the designed structures, it was
assessed the seismic response of those buildings with 0%, 5%, 10%, 15% and 20% of corrosion.

Chapter 5, named “Vertical irregularity assessment in RC frame and shear wall structures
— behaviour factor level proposal”, has the main goal the discussion of behaviour factor levels
established by the first and second generation of Eurocode 8, specifically regarding vertical
irregularities. Firstly, it was carried out the design and seismic response assessment of DCM
frame and shear walls RC parametric models, considering vertical irregularity aspects. In this
matter, the lateral stiffness was the control variable for irregularity in elevation.

Secondly, it was performed an analysis and comparison of behaviour factor and its
components according to the first and second generation of Eurocode 8. From that assessment,
it was proposed the different levels of irregularity in elevation and their corresponding
behaviour factor limits to Eurocode 8.

Chapter 6, “Existing RC buildings assessment: Vertical irregularity criteria comparison
and seismic response”, considering all the discussion performed in the chapters regarding
vertical irregularities, assesses several existing buildings regarding vertical irregularity criteria
from different seismic codes and their seismic response.

Firstly, it was carried out the characterisation of each building and the vertical irregularity
classification according to Eurocode 8. Furthermore, this classification was compared to several
international seismic codes' criteria. It was evaluated the influence of irregularity in elevation
classification, seismic standard considered in the design and differences in structural properties.

Secondly, considering the structural design information availability, it was carried out the
seismic response assessment of part of the existing buildings under study. It was observed the
impact of seismic design consideration or not on structural response in capacity curves, inter-
storey and global drifts.

Finally, chapter 7,” Closure and future research”, draws general conclusions about the
research and discusses future research that could be explored for a better understanding of
structural irregularities impact in RC structures' seismic response.
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NOMENCLATURE

Centre of mass

Centre of stiffness

Ductility class medium

Moment-resisting frame

Behaviour factor component: considers overstrength of structure due to redistribution
of action effects in redundant structural systems

Behaviour factor component: considers overstrength of structure due to all other
sources, except to, redistribution of action effects in redundant structural systems
Behaviour factor component: consider the deformation and energy dissipation
capacity

Reinforced concrete
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2 Code requirements for the seismic design of irregular elevation
RC structures

Santos, D., J. Melo, and H. Varum. 2024. “Code Requirements for the Seismic Design of
Irregular Elevation RC Structures.” Buildings 14 (5): 1351.
https://doi.org/10.3390/buildings14051351.

2.1 ABSTRACT

The recent seismic activity highlights the crucial need to enhance seismic design and safety
assessment methods, particularly for irregular structures, in both new and existing constructions.
The present study focuses on structural irregularities in elevation for buildings, as the design of
structural systems involves multiple variables that often result in irregularities in many
buildings. This work aims to perform a comparative assessment of the criteria adopted for the
evaluation of the structural irregularities in elevation present in European and international
seismic codes. This paper is structured as follows: Firstly, it discusses structural irregularities
and more specifically the most common types of structural damage due to seismic events. Then,
it shows the documented experiences of structural damages in seismic events associated with
structural irregularities in China, Italy, Spain, Nepal and Mexico. Additionally, it discusses the
requirements of the standards on irregularities and their limitation in that matter. At the end of
this section, the different approaches of each code in irregularities in elevation are compared.
All assessed seismic codes addresses the structural irregularity issue, attributing the desired
characteristics of a seismic-resistant structure. However, there are considerable development
differences between norms, demonstrated on ambiguity of few codes on criteria of vertical
irregularities.

2.2 INTRODUCTION

Building performance during strong earthquakes has been observed and has been used to
instruct engineers and builders on how to properly design and construct seismic load-resisting
structures [1-5]. In regions characterised by prolonged inhabitation and frequent seismic
activity, the refinement of design methodologies has yielded satisfactory structural performance
outcomes. Notwithstanding their limited applicability owing to regional differences, the study
of these procedures offers valuable insights for structural engineers [6].

Several structural damage mechanisms have been recurrently identified as inappropriate
structural configurations, including torsion induced by asymmetrical masonry infills, first soft-
storey buildings and deficiencies in reinforcement detailing [7].

Concerning the floor deformation influence on structural behaviour, Ruggieri et al. [§]
disclosed that the type of diaphragm notably impacts the likelihood of structural damage. This
could also be effective, considering evolution in height, where the de-formability reduces on
the higher storeys.

Regarding the effect of the irregularity on the demand amplification along the height of
the buildings, Ruggieri and Vukobratovi¢ [9] concluded that for low-rise buildings, in the
perpendicular direction of the analysis, the torsion induces a further acceleration component,
which heightened with the floor eccentricity. The results were related to the floor eccentricity,
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the elevation of the considered node and, regarding the nonlinear field, the ductility and the
yielding force became significant. Similar results have been taken from ref. [10].

Despite extensive research endeavours dedicated to assessing the seismic behaviour of
asymmetric structures, relatively less effort has been undertaken toward the various types of
irregular structures [11]. This study emphasised the reduced research focusing on structures
exhibiting irregularities along both principal directions. Some authors suggest that the
implementation and adherence to seismic design codes are crucial factors in mitigating
earthquake community risk [12]. Further research is required on soil movements, the
deterioration of the material properties, the efficacy of the shear walls positioning and many
other related issues to perform a better seismic risk assessment.

In the paper, the following seismic codes were assessed:
EN 1998-1:2005 (Europe);

prEN 1998-1-2:2024 (Europe);

NBR 15421:2023 (Brazil);

NTC-RSEE from Mexico City (Mexico);

Manual de disefio obras civiles: disefio por sismo (Mexico);

A

ASCE/SEI7-22—minimum design loads for buildings and other structures
(USA);

7. Disefio sismico de edificios (NCh 433) (Chile);
8. NZS 1170-5 structural design actions (New Zealand).

Regarding the irregularity in elevation criteria, it was referenced quantitatively,
qualitatively or not referenced on each seismic code. The following criteria are considered in
the seismic codes comparisons:

1. Continuity of structural elements;

Variation of lateral stiffness;

Existence of weak floors (soft storey);

Mass variation;

Ratio between actual and required resistance;
Geometry criteria;

Resistance variation (weak storey);

Storey area variation;

A e R U T o

Ratio between elevation and smallest dimension in plan.

23 STRUCTURAL IRREGULARITIES IN ELEVATION

A proper structural conception is essential to ensure optimal performance under any loading
conditions. Regular structures with redundant resistant systems for horizontal load demands
typically exhibit better behaviour. Conversely, complex structural systems often present
deficiencies in the dimensions and detailing of structural elements [6].

2-2
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Over the past decade, numerous researchers have worked on the seismic vulnerability
analysis of irregular building structures. Mouhine and Hilali [13] scrutinised the seismic
vulnerability of building structures characterised by vertical geometric irregularities positioned
at various heights along the buildings. Their findings underscored the significant impact of
setback percentage and its placement on both the performance and lateral stiffness of these
structures. Setback causes the non-uniform distribution of mass and stiffness in the vertical
direction, which may have a significant influence on seismic response [14].

Similarly, Ruggieri and Uva [15] conducted a study focusing on the performance
evaluation of eight low-rise reinforced concrete building structures, of which seven featured in-
plane irregularities. Using pushover analysis, they highlighted the influence of seismic motion
spatial variability on the structural seismic behaviour. Furthermore, Men et al. [16] explored
the seismic vulnerability of RC structures exhibiting vertical irregularities. Their research
emphasised the interplay between seismic intensity, structural performance levels and the
vulnerability of such structures.

Irregularities in elevation can affect different characteristics of the structural system, such
as stiffness, mass and strength. These can come from a variety of sources, including the
following:

1. Stiffness irregularity—soft storey: Checked when there are variations of
stiffness from one floor to another, resulting in a weak floor, which may give
rise to mechanisms such as soft storey [17]. The lateral stiffness of buildings is
also strongly affected by the presence of setbacks [13,18,19];

2. Strength irregularities—weak storey:

i.  Due to the existence of different heights of the constituent parts of the
building and different heights between buildings: occur when adjacent
buildings have different heights, resulting in restrictions on the movements
of the lower floors [20];

ii.  Irregularities in the bearing capacity of a floor: due to the different
resistance of the elements that support the action seismic activity in a
direction on a given floor, in relation to the next floor [21];

iii.  Irregularities due to discontinuities in the load paths: verified with the
absence of continuity of the resistant elements from one floor to the next
[22].

3. Mass irregularities: Checked when the mass of a floor is much higher or lower
than the others. An example of a practical aspect of this situation is the need for
floor technicians with heavy machinery [21].

Vertical irregularity is characterised by abrupt shifts in mass, stiffness and strength along
the height, leading to soft/weak storey behaviour. These storeys are susceptible to an earlier
collapse by concentration in element forces and ductility demands [23]. However, these
discontinuities, treated by current seismic codes as vertical irregularities, undoubtedly do not
lead to increases in plastic demands and poor seismic performance [24,25].

The most common type of possible damages due to seismic events, based on the published
work about this matter, are listed below [6]:

2-3
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1. Stirrups and hoops: These stem from inadequate detailing, insufficiency or
absence of transverse reinforcement, poor detailing of hoops and wide spacing
between stirrups;

2. Longitudinal reinforcement detailing (bond, anchorage and lap splices): Smooth
bars reduce the strength capacity of RC elements. Significant deterioration of
the bond conditions is observed along the longitudinal bars, exceeding and
deviating the plane sections theory;

Shear and flexural capacity of elements;
Inadequate shear capacity of structural joints;
Strong-beam weak-column mechanism,;
Short-column mechanism;

Irregularities in plan and/or in elevation;

Pounding;

A S A S

Damages in secondary elements;
10. Damages in non-structural elements.

Furthermore, in the conclusions of the published work about the assessment of modern
seismic codes about the structural efficiency in earthquake events by Athanatopoulou and
Manoukas [26], it is highlighted:

1. Torsional sensitivity of a building is avoided only if a minimum torsional radius
is ensured. However, this condition does not imply that adequate static torsional
stiffness is available either;

2. In general, displacement or drift ratios are not reliable either as torsional
sensitivity criteria or as a measure of displacement amplification at the perimeter
of buildings. Therefore, a revision of the relevant code provisions should be
examined.

It is necessary for a constant assessment and update of seismic codes to ensure structural
safety during those events.

24 DAMAGES ASSOCIATED WITH STRUCTURAL IRREGULARITIES

The seismic behaviour of RC structures is closely tied to the characteristics of their structural
elements, including stiffness, ductility, strength and energy dissipation capacity. The overall
strength is a result of the combined effort of individual structural components and their
interactions. Properly designing and detailing the connections between these elements is
crucial, as inadequate transverse reinforcement has led to various failures, both at local and
global scales. In the case of structures with substantial redundancy, their seismic performance
hinges on their ability to redistribute loads effectively [27].

The detailing of the RC elements stands out as a prevalent cause of damage documented
in recent seismic events. The confinement effect from the transverse reinforcement, related to
the spacing and diameter of the stirrups, longitudinal reinforcement arrangement and quality of
the steel employed, is crucial in preventing concrete detachment. Based on the observations
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made in situ, especially on Sichuan (China) [28-31], L’Aquila (Italy) [3,32], Lorca (Spain)
[33], Emilia (Italy) [34-36], Gorkha (Nepal) [37-39], Puebla (Mexico) [5,40] and Eastern
Anatolia region (Turkey) [4], it can be inferred that this approach was not implemented in
buildings constructed during earlier decades.

Another common type of damage noticed in recent earthquakes is related to insufficient
shear capacity of RC elements. The shear strength limit is before the onset of yielding,
indicating a constraint on energy dissipation. Generally, corner columns encounter challenges
associated with their shear strength capability and inadequate confinement, particularly when
the building’s structure features disparities between its mass and stiffness centres. Figures 2-1—
2-3 present examples of structural damages due to seismic events.

(a) (b)

Figre 2-1: Emilia, Italy—2012: (a) RC structure collapsed in Cavezzo; (b)
inadequate reinforcement joint de-tail; (¢) damage of columns due to inadequate
detailing for confinement

Figure 2- ’ula, Ialy—2009: (a) damages on RC structure in L’ Aquila; (b)
node damage of reinforced concrete elements

Ductile behaviour should be the premise of the seismic design of columns and beams.
This strategy involves a potential reduction in demand within the compression zone and/or
enhancing capacity. This can involve restricting axial loading, enlarging cross-sectional areas
or controlling tensile reinforcement while balancing forces with compression loads.
Furthermore, strengthening the compression region can be achieved by employing higher
quality concrete and effective confinement [27].
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% A

o= i
Figure 2-3: Lorca, Spain—2011: (a) building collapse after the earthquake; (b)
building with a soft-storey mechanism; (c) column failure due to inadequate

detailing of the transverse reinforcement

Among the paramount concerns regarding the seismic behaviour of RC structures is the
interaction of the masonry infill walls with the structural components. These infill walls can
alter the lateral stiffness, strength, ductility and energy dissipation capacity of buildings. As a
result, changes in the natural frequencies of the building and its corresponding vibration mode
may occur, leading to seismic action surpassing the anticipated levels of the design. This
phenomenon can elevate the seismic vulnerability of the buildings.

The distribution of infill walls, typically determined by the architectural team, can
significantly influence the global seismic performance of a building, notably when the building
is irregular in height and/or in plan. Considerable local failures have been documented in the
seismic performance of masonry infill walls, attributed to in-plane, out-of-plane and combined
seismic loadings.

25 DISCUSSION AND LIMITATION OF CODE REQUIREMENTS ON IRREGULARITIES
2.51 EN 1998-1:2004—EUROPE

Building structures are classified by Eurocode 8 [41] as regular and non-regular, in plan and in
elevation. This distinction has implications for the following aspects of seismic design, as
demonstrated in Table 4.1 of Eurocode 8 [41]:

1. The structural model: a planar model or a spatial model;

2. The method of analysis: response spectrum analysis or a modal analysis;

[P

3. The value of the behaviour factor “q” must be reduced by 20% for buildings that
are not regular in elevation and it also reduces the presence of irregularities in
plan, depending on the structural system and the ductility class, as explained in
5.2.2.2 (6) of Eurocode 8 [41].

A building classified as regular in elevation must satisfy all the conditions indicated in
the following paragraphs [41]:

1. All systems resistant to lateral actions, such as cores, load-bearing walls or
frames, are continuous from the foundation to the top of the building, or, if there
are floor setbacks at different heights, to the top of the area considered in the
building;
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2. The lateral stiffness and the mass of each floor remain constant or show a gradual
reduction, without abrupt changes, from the base to the top of the considered
building;

3. In buildings with a frame structure, the ratio between the actual floor strength
and the strength required by the design must not vary disproportionately between
adjacent floors. In this context, the particular aspects of frame structures with
masonry infills are dealt with in 4.3.6.3.2 of this code;

4. When the building has setbacks, the following additional conditions must be
applied:

i.  In the case of successive setbacks that maintain an axial symmetry, the
setback on any floor must not exceed 20% of the plan dimension of the
lower level in the direction of the setback;

ii.  Inthe case of a single setback placed in the lower 15% of the overall height
of the primary structural system, it must not exceed 50% of the plan
dimension of the lower level. In this case, the structure of the lower area
located inside the vertical projection of the upper floors must be calculated
to resist at least 75% of the horizontal force that would act at that level in
a similar building without widening the base;

iii.  In the case of non-symmetrical setbacks, the sum, on each side of the
setbacks of all floors, must not exceed 30% of the dimension in plan at
floor level above the foundation or above the upper level of a rigid
basement, and each setback must not be more than 10% of the dimension
in plan of the lower level.

The European standard presents three levels of detailing of concrete structures de pending
on the actions applied: DCL, DCM and DCH levels (low, medium and high capacity to dissipate
energy, respectively) [41]. When there is no DCL detail specification, Eurocode 2 [42]
recommendations are used.

2.5.2 PREN 1998-1-2:2024—EUROPE

The second generation of Eurocode 8 is currently ongoing to improve and update the regulation.
Among the changes, such as restructuring the standard and increasing content relevant to the
topic, this topic aims to analyse the differences regarding the treatment of irregularities between
the two versions, the current one and its draft version (draft).

The prEn 1998-1-2:2024 [43], like the current version, maintains the same classification
of each unit regardless of the regular and irregular structures. The criteria for regularity in
elevation present some changes which stand out, as follows:

1. As for the lateral stiffness and the mass of each floor, while in the current version,
these factors remain constant or have small gradual reductions in height (without
specifying a percentage), in the draft version, these reductions should not exceed,
respectively, 30% and 150% in relation to the floor bottom, without sudden
changes from consecutive storeys. In the case of mass, that difference is
considered until one storey below the top storey;
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2. Regarding the ratio between the real strength of the floor and that required for
calculation, in the current version, it is said that this ratio should not vary
disproportionately (but without setting a proportion) between the floors of
framed structures, whereas in the draft version, it states that this ratio must not
exceed 30% and does not refer only to framed structures;

3. The current version addresses the presence of setbacks and characterises
additional conditions in the treatment of buildings, whereas the version under
study also includes such a requirement.

2.5.3 NBR15421:2023—PROJETO DE ESTRUTURAS RESISTENTES A SISMOS—PROCEDIMENTO—BRAZIL

This code defines seismic categories exclusively in terms of their seismic zones, as shown in
7.3. These categories are used to establish the allowed seismic-resistant structural systems, the
limitations on irregularities of the structures, the components of the structure that must be
designed in terms of seismic resistance and the types of seismic analysis (methods of calculation)
that can be adopted [44].

This code allows the use of three calculation methods for seismic analysis: the method of
equivalent horizontal forces (for seismic categories A, B and C), the spectral method (for
seismic categories B and C observing the limitation of pavements and structural irregularities)
and the method of historical accelerations in time (for seismic categories B and C for seismic
categories B and C observing the limitation of pavements and structural irregularities) [44].

Building structures are classified by NBR 15421 [44] as regular and non-regular, in plan
and in elevation. Structures showing one or more of the irregularity types listed below must be
designed as having structural irregularities in elevation [44]:

1. Type4: Discontinuities in the vertical seismic resistance path, such as
consecutive vertical resistance elements in the same plane but with axes greater
than their length apart, or when resistance between consecutive elements is
greater in the upper element;

2. Type 5: Characterisation of an “extremely weak pavement” as one in which its
lateral resistance is less than 65% of the resistance of the pavement immediately
above. The lateral resistance is computed as the total resistance of all earthquake-
resistant elements present in the considered direction. In case the seismic forces
are not multiplied by the over resistance coefficient (1, structures cannot be
more than two stories and not more than 9 m of elevation.

It addresses that columns, beams, slabs and trusses supporting porticos and seismic
resistant wall columns that present Type 2 or Type 4 irregularity should be designed considering
the seismic effects in the vertical direction (E,) and the consequences of the horizontal
earthquake with the effect of over resistance (E,,;), according to 8.4 of this code [44]. If the
structure presents structural irregularity in plan types 1, 2 or 3, a three-dimensional model
should be used. In this model, each node must have at least three degrees of freedom, two
translations in a horizontal plane and one rotation around a vertical axis [44]. Also, in the case
of seismic category C structures, in which there is a structural irregularity in plan type 1, the
accidental torsional moments M;, at each elevation should be multiplied by the torsional
amplification factor Ax [44].
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This code does not deal with the structural detailing drawing of structures subjected to
seismic actions, leaving all discussion about the structural detail drawing for Code NBR6118
[45], which does not specifically address the matter considering seismic actions. This is a
limitation of those codes regarding seismic actions on structural detailing matter when
compared, for instance, with Eurocode 8.

254 NTC-RSEE FRom MEexico CiITy—MEXico

The Mexican code from the Public Administration of Mexico City classifies the building
structures as regular, irregular and strongly irregular, without distinction in criteria of
irregularity in plan and in elevation. A structure is classified as regular when it satisfies the
requirements indicated below [46]:

1.

10.

11.

The different walls, frames and other earthquake-resistant vertical systems are
visibly parallel to the main orthogonal axes of the building. An earthquake-
resistant plane or element shall be visibly parallel to one of the orthogonal axes
when the angle it forms in plan with the axis in question does not exceed 15
degrees;

The ratio between its height and its smallest size in plan is not greater than 4;
The ratio of length to width in plan is no more than 4;

In plan has no setbacks or projections of dimensions greater than 20% of the
dimension in plan measured parallel to the direction in which the setback or
projection is considered;

Each level has a floor system whose rigidity and strength in its plan satisfy the
requirements for a rigid diaphragm,;

The floor system has no openings that, at some level, exceed 20% of its flat area
on that level, and the empty areas do not differ in position from one floor to
another. This requirement does not apply to the roof;

The weight of each level, including the overload that must be considered for the
seismic project, is not greater than 120% of that corresponding to the floor
immediately below;

In each direction, no floor has a floor dimension greater than 110% of the
dimension of the floor immediately below. In addition, no floor has a floor
dimension greater than 125% of the smallest of the lower floor dimensions in
the same direction;

All columns are restricted on all floors in both directions of analysis by
horizontal diaphragms or by beams. Consequently, no column passes through a
floor without being attached to it;

All the columns of each floor have the same height, although it can vary from
one floor to another. Except for this item, the top floor of the building;

The lateral stiffness of no floor differs by more than 20% from that immediately
below. Except for this item, the top floor;
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12. On no floor does the lateral displacement of any point on the floor exceed the
average lateral displacement of the floor ends by more than 20%;

13. In systems designed for “Q” (coefficient of seismic behaviour) equal to 4, the
ratio of lateral strength and design action shall be higher than 85% of the average
of these ratios for all floors. In systems designed for “Q” equal to or less than 3,
on no floor shall the ratio indicated above be less than 75% of the average of
these ratios for all floors. To verify compliance with this requirement, the
resistance capacity of each floor will be calculated considering all the elements
that can contribute significantly to it. The top floor is excluded from this
requirement.

A structure is classified as irregular when it does not satisfy one of the requirements “5”,
“6”, “97, “10™, “117, “12” and “13” or does not satisfy two or more of the requirements “1”,
“27,437, %4>, “7” and “8”, as listed above. A structure is considered strongly irregular if it does
not meet two or more of the requirements “5”, “6”, 9, “10”, “11”, “12” and “13” listed above,
or if any of the following conditions are met:

1. The lateral displacement of any point of one of the plants exceeds by more than
30% of the average of the displacements of the extremities;

2. The lateral stiffness or shear strength of any floor exceeds that of the floor
immediately below by more than 40%. To verify compliance with this
requirement, the strength and lateral stiffness of each floor will be calculated
considering all the elements that can contribute significantly to them;

3. More than 30% of the columns located on one floor do not meet requirement “9”
listed above.

2.5.5 MANUAL DE DISENO OBRAS CIVILES: DISENO POR SISMO—MEXICO

The code developed by the Mexican Federal Electricity Commission (CFE) classifies the
building structures as regular, irregular and strongly irregular, without distinction in criteria of
irregularity in plan and in elevation. A structure is classified as irregular when it does not satisfy
three of the requirements indicated below [47]:

1. The distribution in plan of the mass, walls and other resistant elements of the
building must be symmetrical with respect to two orthogonal axes;

2. The ratio of elevation and smallest dimension in plan cannot be greater than 2.5;
The ratio between the length and width of the base cannot exceed 2.5;

4. Existing setbacks and overhangs cannot exceed 20% of the dimension in plan,
measured parallel to the direction in which the setback or overhang is located;

5. On each floor, there must be a rigid diaphragm behaviour;

6. There cannot be any opening in the slab that exceeds 20% of the dimension in
plan, measured parallel to the opening. Hollow zones must not appear staggered
between adjacent floors and the total opening area must not exceed 20% of the
floor area;
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7. The mass of each floor cannot exceed 110% of the corresponding floor
immediately below, except for the top floor, nor may it be less than 70% of the
mass of the floor immediately below. The top floor is exempt from this condition.

8. No floor may have an area greater than 110% nor less than 70% of the floor area
immediately below;

9. All columns are restricted by floors, in orthogonal directions, by horizontal
diaphragms;

10. Stiffness cannot differ between floors by more than 50% from that of the floor
immediately below;

11. On no floor can the statically calculated torsional eccentricity exceed 10% of the
plan dimension of that floor, measured parallel to the mentioned eccentricity.

It can also be classified as strongly irregular if it meets any of the following requirements
[47]:

1. The statically calculated torsional eccentricity exceeds 20% of the floor plan
dimension measured parallel to the mentioned eccentricity;

2. The rigidity or shear resistance of the tread exceeds more than 100% that of the
tread immediately below;

3. At the same time, fulfil the conditions “10” and “11” described above. Does not
fulfil four or more regularity conditions described above.

For seismic analysis of building structures, three types of methods can be used [47]: a
simplified method, a static method and a dynamic method. The simplified method is simpler to
use. However, it is only applicable to regular structures that meet all the requirements indicated
by the method. The static method is more suitable for regular structures with height conditioned
by the type of terrain where they are inserted. The dynamic method can be used on any structure,
regardless of its characteristics.

According to the code [47], the structure must be analysed under seismic action
considered in two independent orthogonal directions. As a combination of the effects of seismic
action in two orthogonal directions, the standard proposes that the value of the action in each
direction is increased by 30% of the value of the corresponding orthogonal direction.

2.5.6 ASCE/SEI7-22—MINIMUM DESIGN LOADS FOR BUILDINGS AND OTHER STRUCTURES—USA

The American regulation [48] classifies structures as regular or irregular in elevation according
to a set of criteria related to the structural configurations of the building that result in a
classification divided by types.

This code also divides types according to a Seismic Project Category, which is a
classification assigned to a structure based on its occupation category and the seismicity of that
area. Where, as indicated on the (ISAT) web pages, the category assignment can vary from A-
F and can be defined as follows:

1. Seismic category A: it corresponds to buildings located in areas where little
seismic activity is expected and with good soil;



Chapter 2

Code requirements for the seismic design of irregular elevation RC structures

Seismic category B: it corresponds to buildings belonging to occupation type I,
IT or III where seismic activity is expected to be moderate, located on stratified
soil consisting of good and bad soils;

Seismic category C: it corresponds to buildings belonging to occupation type IV
where seismic activity is expected to be moderate, or buildings belonging to
occupation type I, II or III where seismic activity is expected to be more severe;

Seismic Category D: it corresponds to buildings located in areas where they are
expected to experience severe and destructive seismic action, but not located
close to a major fault;

Seismic category E: it corresponds to buildings belonging to occupation type I,
IT or III located a short distance from large active faults;

Seismic category F: it corresponds to buildings belonging to occupation type IV
located a short distance from major active faults.

Further, the type of occupation can be defined as follows:

1.

4,

Type of occupancy I: buildings that pose a small risk to human life in the event
of failure;

Type of occupancy II: buildings that do not fit into any of the other types of
occupancy;

Type of occupancy III: buildings that pose a substantial risk to human life and
in the event of failure;

Type of occupation IV: buildings considered essential for human life.

To classify structures as regular or irregular in elevation, ASCE/SEI7-22 [48] defines
structures as follows:

1.

Type la—Stiffness—soft storey irregularity: it exists where there is a floor in
which the lateral stiffness is below 70% of that in the storey above or below 80%
of the mean stiffness of the three floors above;

Type 1b—Stiffness—extreme soft storey irregularity: it exists where there is a
floor in which the lateral stiffness is below 60% of that in the storey above or
below 70% of the average stiffness of the three floors above;

Type 2—Vertical geometric irregularity: it exists where the horizontal
dimension of the seismic force-resisting system in any floor exceeds 130% of
that in an adjacent storey;

Type 3—In-plane discontinuity in vertical lateral force-resisting element
irregularity: it occurs where there is an in-plane offset of a vertical seismic force-
resisting element, leading to overturning demands on supporting structural
elements;

Type 4a—Discontinuity in lateral strength—weak storey irregularity: it occurs
where the storey lateral strength is below 80% of that in the floor above;

Type 4b—Discontinuity in lateral strength extreme weak storey irregularity: it
occurs where the storey lateral strength is below 65% of that in the storey above.
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This code [48] also provides two exceptions on vertical structural irregularities of types
la, 1b and 2 listed below:

1.

They do not apply where no storey drift ratio, regarding design lateral seismic
force, is higher than 130% of the next floor above the storey drift ratio. Torsional
effects are excluded from the computation of storey drifts. Assessment of the
storey drift ratio for the upper two storeys is unnecessary;

These considerations are not mandatory for single-storey buildings in any
Seismic Design Category nor for two-storey buildings categorised under
Seismic Design Categories B, C or D.

Furthermore, this code provides constraints and additional requirements for systems with
structural irregularities:

1.

Prohibited vertical irregularities for seismic design categories D through F:
Structures designated under Seismic Design Category E or F with vertical
irregularities Type 1b, 4a, 4b or Seismic Design Category D structures with
irregularity in elevation Type 4b are not allowed. However, it is permitted if the
E and F Seismic Design Category structures present irregularity in elevation
Type 4a where the storey lateral strength is not less than 80% of the floor above;

Extreme weak storeys: Structures featuring a vertical irregularity Type 4b must
not exceed 2 storeys or 9 m in structural height. However, this limit does not
apply if the “weak” storey can resist a total seismic force equivalent to Q0 times
the design force;

Elements supporting discontinuous walls or frames: Structural elements
carrying discontinuous walls or structural frames with horizontal and/or vertical
irregularity Type 4 must be designed to resist the seismic load effects,
considering overstrength. The connections of these elements to the supporting
members must be sufficient to transmit the forces for which they were designed;

Increase in forces as a consequence of irregularities for seismic design categories
D through F: For structures categorised under Seismic Design Category D, E or
F and presenting a horizontal structural irregularity of Type 1a, 1b, 2, 3 or 4 or
a vertical structural irregularity of Type 3, the design forces for some
components of the seismic force-resisting system, such as connections of
diaphragms to vertical elements and collector and connection to vertical
elements, must be increased 25%.

Forces calculated using the seismic load effects, including overstrength, do not re quire

augmentation.

This code [48] allows structures to be analysed using several methods. However, the
model must incorporate the stiffness and strength characteristics of components that are
significant to forces and deformation distributions within the structure. It also has to represent
the spatial distribution of mass and stiffness throughout the structure. Additionally, it should
consider, for RC structures, the stiffness properties of concrete and masonry elements regarding
the effects of cracked sections.
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2.5.7 DISENO SiSMICO DE EDIFiCIOS (NCH 433)—CHILE
The seismic assessment in Chilean standards is provided by the following:

1. NCh 433:1996 [49], modified in 2012—Disefo sismico de edificios;

2. NCh2369:2003 [50] - Disefio sismico de estructuras e instalaciones industriales;
3. NCh 2745:2013 [51] - Analisis y disefio de edificios con aislacion sismica;
4

NCh 3411:2017 [52] - Disefio sismico de edificios con sistemas pasivos de
disipacion de energia;

5. NCh 3357:2015 [53] - Disefio sismico de componentes y sistemas no
estructurales.

The Chilean code NCh 433 does not explicitly address structural irregularities. It only
mentions that irregular buildings can only be designed as a single structure when the
diaphragms are calculated and built so that the structure behaves during earthquakes as a single
one.

This code suggests a separation of the building into regular parts (INN 2012). This code
also highlights two things [49]:

1. Ifanirregular building in plan is designed as a single structure, special care must
be taken in dimensioning the connections between the different parts that make
up the floor;

2. In floors where there is rigidity discontinuity in the resistant planes or other
vertical substructures, it must be verified that the diaphragm is able to
redistribute forces.

Regarding structural analysis methods, the code allows a static analysis or a spectral
modal analysis, depending on certain geometric conditions of the structure [49]. It presents two
response modification factors, one for equivalent static analysis (R) and another for spectral
analysis (Rg). This factor reflects the energy absorption and dissipation characteristics of the
resistant structure, as well as the experience in the seismic behaviour of the different types of
structures and materials used.

2.5.8 NZS 1170.5 STRUCTURAL DESIGN ACTIONS—NEW ZEALAND

The New Zealand Code addresses structural irregularity and encourages structural designers to
design regular structures due to seismic behaviour. Any structure is considered irregular as long
as it meets one of the irregularity criteria present in the code. Single-storey houses or roofs
weighing less than 10% of the level below will not be considered when applying these criteria
[54].

A structure might be considered irregular in elevation if, according to the New Zealand
Code [50]:

1. One floor significantly exceeds the height of adjoining storeys, leading to a
reduction in stiffness;

2. The ratio of mass to stiffness in adjoining storeys differs significantly;

2-14
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3. The smaller dimension was below the larger dimension, resulting in an inverted
pyramid effect;

4. The structure presents, at one or more levels, substantial horizontal offsets in the
vertical elements of the horizontal force-resisting system, even though the
structure has a symmetrical geometry about the vertical axis;

5. The structure exhibits abrupt changes in strength capacity between storeys,
resulting in the concentration of energy demand in the resisting elements of a
specific storey.

The method of seismic analysis is conditioned by the presence of irregularities and the
method of equivalent forces is indicated only for regular structures that comply with certain
conditions. For irregular structures, the modal response spectrum method or historical
accelerations in time is used.

2,59 COMPARATIVE ANALYSES OF THE STUDIED CODES

Table 2-1 presents a summary of the regularity criteria in elevation addressed by the analysed
codes. Table 2-2 presents the reduction of the behaviour coefficient due to irregularities
considered in each code standard studied.

Table 2-1: Synthesis of regularity criteria in elevation

T Europe . Mexico NTC- Mexico . New
Criteria Europe (Draft) Brazil RSEE CFE USA Chile Zealand
Continuity of structural R R R N N R N N
elements
Variation of lateral
stiffness R Q Q Q Q Q N Q
Existence of weak floors
(soft storey) N N Q N N Q N N
Mass variation R Q N Q Q N N Q
Ratio bf?tween 'flctual and Q Q N N N N N N
required resistance
Geometry criteria Q R N Q Q Q N Q
Resistance variation
(weak storey) N N R N Q Q N Q
Storey area variation N N N Q Q N N N
Ratio between elevation
and smallest dimension N N N Q Q N N N

in plan
N: no reference; R: referenced, but without quantification criteria; Q: presents quantification criteria.
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Table 2-2: Expected reduction in the behaviour factor (q)/structural response modification coefficient (R-

factor) due to irregularity in elevation

Region

Behaviour factor/R-Factor

Europe

A 20% reduction in the presence of irregularities in elevation.

Reduction in the presence of irregularities in the plan, depending on the structural
system and of the ductility class, as explained in 5.2.2.2 (6) of this standard.

With this reduction, the structure must be further strengthened. It can be at the level
of the geometry of the elements and/or the amount of reinforcement.

Brazil

R-factor is mentioned, but no reductions in the presence of irregularities are
numerically determined.

Seismic behaviour factor Q is mentioned.

Mexico (NTC-RSEE) A 20% reduction in the presence of irregularities.

A 30% reduction for heavily irregular structures.

Mexico (CEF)

Seismic factor Q is mentioned.

Reduction of 10% when the regularity requirements listed from “a” to “i” are not
met.

Reduction of 20% when two or more regularity requirements are not met and/or the

regularity requirements “j” or “k” are not met.
A 30% reduction when the structure is classified as strongly irregular.

USA

The redundancy factor p can be 1,0 or 1,3 for the structures in the category of
irregularity D through F. This factor reduces the response modification coefficient,
R, for less redundant structures.

Chile

R-factor is mentioned, but no reductions in the presence of irregularities are
numerically determined.

Topic 5.5.2.2, however, specifically states that structures with irregularities in plan
only can be designed as a single structure when the rigid diaphragm is guaranteed,
according to topic 5.5.2.1 of this code. Otherwise, each part should be designed
separately, according to topic 5.10 of this code.

New Zealand

The structural performance factor and structural ductility factor are mentioned, but
no reductions in the presence of irregularities are numerically determined.

These co

mparative assessments of those codes relative to elevation regularity criteria led

to the following conclusions:

1.

The importance given to the mass variation and stiffness in elevation is notorious,
as practically all standards contemplate this type of criterion;

There are different procedures to verify the criteria of variation of stiffness
elevation: some codes make this verification based on the stiffness of the vertical
elements on each floor, others through the relationship of the drift between
successive floors and, for the latter, there is a need for a previous model;

The Chilean code does not address any reference or quantification methods to
all regularity criteria in elevation;

The European code is the only one that requires that the actual resistance is
proportional to the required resistance and that these do not differ too much,
which is a difficult criterion to verify;

The Mexican code presents two specific criteria which do not appear in the other
analysed codes: storey area variation and the ratio between elevation and
smallest dimension in plan.
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Numerous studies indicate that all the codes that discuss that matter limit themselves from
classifying certain common irregularities, suggesting the permissible extent of those typical
cases. Nevertheless, it is essential to explore the nature of the high seismic vulnerability to
enhance their structural behaviour during seismic events [11].

All assessed seismic codes do not directly incorporate the contribution of infill walls in
vertical irregularities criteria, even though several studies demonstrate this phenomenon.
However, for stiffness and mass irregularities, it is considered, indirectly by the impact of
absence of infill walls in any floor, that contribute to soft-storey behaviour or the infill wall
mass contribution to the shift of that parameter between consecutive floor.

The ECS is the most demanding standard because it is not enough to meet one of the
regularity criteria for the coefficient of behaviour to be affected. In other codes, the correction
of the behaviour coefficient depends on the type of criterion that is violated.

The EC8, the American and Mexican standards adopt the reduction of the coefficient of
behaviour or R-Factor in irregular buildings, ranging between 20% and 30%. The biggest
penalty comes in the Mexican code, which can reach 30% in cases of heavily irregular structures.

New Zealand and Brazilian standards have some quantified criteria for regularity in plan
and elevation. However, these do not lead to any reduction in the coefficient of behaviour or R-
Factor. The Chilean standard has no restrictions on buildings with structural irregularities. In
these cases, structural irregularities only have implications for seismic analysis methodology.

When the structure is regular in plan and in elevation, all standards allow a seismic
analysis to be carried out by the method of equivalent forces. Differences arise when the
structure is classified as irregular, either in plan or in elevation, or both, in which a modal
dynamic analysis is predominantly suggested.

Not all the analysed seismic codes present the same degree of development and approach
to the theme. However, the first conclusion that can be drawn from the analysis is that all
seismic standards address the theme of structural irregularities. However, Chile’s standard is
the only one that does not have well-established criteria for irregularities. In addition, some
norms become confusing, making it difficult to understand what is affected by the existence of
irregularities. In addition, although there is a set of criteria that are repeated in different
standards, the limits allowed are not always the same in the different standards since these are
related to the seismic activity to which the country may be subject.

2.6 SUMMARY AND CONCLUSIONS

The standards indicate a consensus regarding the desired characteristics of a seismic resistant
structure, which include simplicity, symmetry, uniformity and redundancies. However, a
comparative analysis conducted in this study has revealed significant variations in the
representation of seismic hazard.

Eurocode 8 sets out certain criteria that do not involve processes to quantify their
influence, which may excessively penalise the final classification for regularity in elevation and
in plan and reduce the maximum permissible coefficient of behaviour. It is important to note
that the new version of Eurocode 8 provides quantification of some irregularity criteria and
clarifies the calculation procedures to address these irregularities.
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The draft version of the second generation of Eurocode 8 includes proposed changes that
address certain challenges and issues highlighted by the designers. Specifically, the changes
aim to mitigate potential errors arising from varied interpretations by introducing quantification
for some regularity criteria and verification limits. However, the application and interpretation
of these criteria are subject to the designer’s sensitivity to the problem, level of experience and
knowledge, which may affect the resulting outcomes.

The Mexican codes and the American codes are as strict as Eurocode 8, although they
have some differences in the assessments of some irregularity criteria. Both countries are quite
traditional in the field of study of seismic engineering, a factor evidenced by the evolution of
their standards.

The standards of New Zealand and Brazil incorporate specific criteria to assess regularity
in plan and elevation of structures. However, these criteria do not result in any reduction in the
coefficient of behaviour or R-Factor. On the other hand, the Chilean standard imposes no
restrictions on buildings with structural irregularities. In such cases, these irregularities only
impact the seismic analysis methodology.

When a structure is regular in both plan and elevation, all assessed standards permit a
seismic analysis using the method of equivalent forces. However, differences arise when the
structure is classified as irregular, either in plan, elevation or both, where a modal dynamic
analysis is predominantly recommended.

Although not all analysed seismic codes display the same level of development and
approach to the subject matter, it is evident that all seismic standards address the issue of
structural irregularities. Nevertheless, Chile’s standard stands out as the only one lacking well-
defined criteria for irregularities. Furthermore, some norms are ambiguous, making it
challenging to comprehend the extent of the impact caused by irregularities. Additionally, while
certain criteria are repeated across different standards, the allowed limits may vary in
accordance with the seismic activity expected in each respective country.
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31 ABSTRACT

Eurocode 8 is undergoing a revision process encompassing novel ductility classes, damage
limitation limits, local ductility conditions corresponding to newly defined prescriptions and
structural irregularity criteria. In this paper, we specifically assessed the influence of an
irregularity in elevation, imposed by different elevations, on the first and third storeys of
buildings, and variations in the cross-sections of columns during the seismic response of
reinforced concrete (RC) structures. To assess this impact, an extensive examination was
conducted on thirteen five-storey moment-resisting frame (MRF) buildings. The design of those
structures was carried out on the Robot Structural Analysis Professional framework following
the current generation of Eurocodes 2 and 8, and the seismic response analysis was carried out
using the SeismoStruct v2024 software. The results were compared to evaluate the influence of
imposed irregularities in elevation due to the increasing height, column cross-section, mass,
and resistance variation. The study’s outcomes revealed that, for DCM structures, the imposed
irregularities in elevation have different impacts on the seismic response. Increasing the heights
of ground or middle floor have substantial deleterious effects on the building’s seismic response.
The planned geometry and variations in the cross-sections of columns substantially impact
inter-storey drift and base shear. The effects of mass and resistance irregularities were neglected
in this study. As such, more studies on those matters are necessary to allow our results to be
further generalised.

3.2 INTRODUCTION

The performance of structures during significant seismic events has been evaluated, providing
useful knowledge to guide engineers and builders on how to effectively design and build
seismic load-resisting structures [1-6]. With the evolution of design techniques, engineered
structures have performed relatively well in areas that have been inhabited for a long time and
are subject to quite regular firm ground shaking. Structural engineers can discern the most
appropriate construction materials and techniques by studying such design procedures, although
not all of them will be appropriate due to regional variations [7].

The mechanisms behind considerable amounts of structural damage are seen often and
have been determined to be due to improperly configured structures. These include torsion
caused by asymmetrical masonry infills, single-storey soft-storey buildings, and inadequate
longitudinal and transverse reinforcement detailing [8].

Non-uniform distributions of mass, stiffness, and strength, either separately or in various
combinations throughout the height of structures, are common types of irregularities. These
vertical irregularities have different impacts on the seismic responses of structures. This topic
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has been extensively addressed in numerous studies [4,9—18], and their major conclusions can
be highlighted as follows:

1. Vertical irregularity plays a significant role in RC buildings’ vulnerability [12];

2. Most of the energy input to the frames with irregular elevations due to setbacks
was dissipated through beams with plastic hinges [9];

3. Anincrease in the number of slab openings leads to greater energy consumption
and enhances the formation of cracks in columns, beams, and their joints, and
additionally, 25% is considered a safe threshold regarding rigid diaphragm
behaviour [11];

4. Mass irregularities usually have limited effects on seismic response [13];

5. Stiftness irregularities have considerable effects on storey shear, capacity, and
storey drift demands [13];

6. The use of RC walls in structures with weak/soft-storey irregularities has a
positive effect on the seismic response [15];

7. The magnitude of the peak inter-storey drift ratio is more pronounced at the soft-
storey level in buildings with that irregularity [16];

8. Non-structural elements with short periods experience high seismic demands
when attached to the lower floors of a building lacking vertical stiffness
irregularities [16];

9. Middle soft-storey buildings exhibit the greatest amplification of component
acceleration [16].

However, it is necessary to study this matter further because the seismic behaviour of
structures is far from being understood sufficiently [19], especially due to the different levels
of development of and the approaches within seismic codes regarding vertical irregularity that
may produce different interpretations of the criteria for such irregularities, impacting the
structural design of buildings.

The goal of contemporary design processes is to create a structural system that per forms
well enough to withstand seismic occurrences while maintaining the required stiff ness, strength,
and deformation capacities. For a building to achieve its performance targets under earthquake
loading, the structural system needs to be properly sized and designed in line with the
specifications.

EN1998-1 [20] and EN 1992-1-1 [21] define structural analysis and design
methodologies for reinforced concrete structures, including stiffness, strength, and ductility
requisites. The development of a second generation of Eurocode 8 prEN 1998-1-2 [22] is
ongoing and new requirements for irregular structures are being proposed. The Eurocodes
delineate the specifications for member design strengths and detailing requirements.

To assess the effect of an irregularity in elevation on a structure’s seismic response, this
article compares thirteen five-storey MRF buildings. These structures highlight the fact that,
according to the most recently available census data on Portuguese buildings [23], the most
common types of buildings are those with four or five storeys. The models were developed
using the structure studied by Ref. [24]. They have three distinct plan configurations, variable
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storey height configurations (from 3 m to 5.5 m of height), and non-torsional flexibility
properties.

The design calculations for DCM structures were conducted in accordance with the
requirements of EN 1998-1 [20]. The method employed was a force-based approach, which
included the response spectrum method. This methodology is characterized by a linear analysis
integrating overstrength and nonlinear response through the behaviour factor (q). A pushover
analysis approach has been applied to the designed structures to assess their seismic response
and check the impact of the irregularity in elevation.

This research intends to contribute to a better understanding of the impact of an
irregularity in elevation in the seismic responses of MRF structures, considering a wide range
of structural inter-storey heights of the ground and middle floors, variations in the columns’
cross-sections, mass and resistance discrepancies between storeys, and three different
geometric configurations.

33 MATERIALS AND METHODS

Thirteen RC structures with distinct compositions were considered in our analysis. The
buildings’ attributes were based on invariant characteristics (frames, span length, construction
materials, vertical loads, and seismicity) as well as specific variables unique to each building
(inter-storey height and inertial masses).

Based on the symmetrical and isotropic assumptions outlined in EN 1998-1 [20] and prEN
1998-1-2 [22], thirteen models of structures were constructed. These structures were assigned
to DCM ductility classes based on the maximum response spectral acceleration within the
constant acceleration range (S.), defined as being 2.5 .a5.S.m, as per EN 1998-1 [20].

3.3.1 STRUCTURAL CHARACTERIZATION

The structures assessed consist of three configurations, all with five storeys and with differences
in their planned geometries, as shown in Figures 3-1 and 3-2.

The structural system comprises frames spaced 6.0 m apart on the x-axis and 7.0 m apart
along the y-axis, typical of residential buildings, as illustrated in Figures 3-1 and 3-2. The height
between floors is 3.0 m for all storeys. The models had their heights in-creased by 0.5 m to a
maximum of 5.5 m of elevation on the ground storey or on the 3™ storey. The solid slab
thickness was 15.0 cm on all floors. Table 3-1 presents the geometrical characteristics of each
analysed structure.

3-3



Chapter 3 Comparative analysis of the impact of vertical irregularities on reinforced concrete moment
resisting frame structures according to Eurocode 8
3D Model Planview
Z | - =)
< t g
§ ——
H k / X ) / 8
0) M~
) | -
E | =
Q . 8
E ~
N
n
6.00 6.00 6.00
m ‘ g
] : . 2
& .
H o
) [ =
L b 5
g :
: | :
—
n 6.00 | 6.00 | 6.00 | 6.00 6.00 | 6.00
. _6.0 6.00, 6.00.6.00 6.00 _6.00_
K
Cd)) =
g: 3
~
E= g
2 o
: ANEIE
- |~
g N\ | g
n ~
(=]
<
M~
s
Figure 3-1: Frame building system configurations (Robot Structural Analysis
Professional 2024)
Al, A3, A4, A5, B1, B3, B4, C1, C3 and C4 A2, B2 and C2
5th § 5t §
! !
40 E 4m E
d E ;
2 grd Height from 3.0m
} to 5.5m
ond é ! '
t Height fi 3.0 |
15 t:?_—ﬂ_ﬂ Tom m 15( g
6.0m 6.0m ~ 6.0m 6.0m _ 6.0m 6.0m

Figure 3-2: Frame building cutaway



Chapter 3 Comparative analysis of the impact of vertical irregularities on reinforced concrete moment
resisting frame structures according to Eurocode 8

Table 3-1: Structural elements dimensions of the MRF structures

Structure Storey Columns Beams Else t\(f):fi)(’)n Heigh.t of Storey with
(cm x cm)  (cm X cm) Elevation Increase (m)
Increase
Al All 55 x 55 40 x 55 1 3.0
A2 All 55 x 55 40 x 55 3 9.0
Storeys 1 and 2 55 x 55 40 x 55

A3 Storeys 3 and 4 50 x50 40 x 50 1 3.0
Storey 5 45 x 45
Storeys 1 and 2 55 x 55

A4 Storeys 3 and 4 50 x50 40 x 55 1 3.0
Storey 5 45 x 45
Storeys 1 and 2 55 x 55

A Storeys 3,4 and 5 45 x 45 40755 ! 30

B1 All 75 x5 45 x 65 1 3.0

B2 All 75 x5 45 x 65 3 9.0
Storey 1 and 2 75 <75

B3 Storeys 3 and 4 70 x 70 45 x 65 1 3.0
Storeys 5 65 x 65
Storeys 1, 2 and 3 75 <75

B4 Storeys 4 and 5 65 X 65 45 %65 ! 30

Cl All 75 x5 45 x 65 1 3.0

C2 All 75 x5 45 x 65 3 9.0
Storeys 1 and 2 75 <75

C3 Storeys 3 and 4 70 x 70 45 x 65 1 3.0
Storey 5 65 x 65
Storeys 1, 2 and 3 75 <75

4 Storeys 4 and 5 65 x 65 4565 ! 30

3.3.2 MATERIALS

The beams and columns in the assessed structures were considered to be constructed using
C30/37 concrete and B500 steel reinforcements.

The C30/37 concrete’s properties were defined according to EN 1992-1-1 [21] and EN
206-1 [25], and its mechanical properties are detailed in Table 3-2. By choosing Exposure Class
XCl1, as defined by the environmental conditions in EN 206-1 [25] as stated in EN 1992-1-1
[21], the nominal cover was set at 30 mm. The steel reinforcement considered was B500. Its
mechanical properties were defined in accordance with EN 10080 [26], as shown in Table 3-2.

Table 3-2: Concrete and steel mechanical properties

C30/37 Concrete B500 Steel Reinforcements

foc (MPa) 30 fy (MPa) 500

fem (MPa) 38 fym (MPa) 555

fea (MPa) 20 fya (MPa) 435

feuc0.95 (MPa) 2.0 E, (GPa) 200

fem (MPa) 2.9 sy (%0) 2.5
ferd (MPa) 1.3
Ecm (GPa) 33
Ecu,1 (%0) 3.5

3-5
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34 DESIGN PRINCIPLES

3.4.1 STRUCTURAL CONCEPTION CRITERIA

The EN 1998-1 [20] and prEN 1998-1-2 [22] specifications were adhered to within the
structural design. To evaluate the deformations and internal forces, Finite Element models were
developed in Robot Structural Analysis Professional [27]. The models were designed to comply
with the EN 1998-1 [20] and prEN 1998-1-2 [22] requisites, and their characteristics can be
described as follows:

1.

9.

The buildings were modelled to resist earthquake forces in two directions, X and
Y;
The modelling accounted for global torsional effects;

Slabs were treated as rigid diaphragms;

Columns and beams were modelled as linear elastic bar elements, but there was
no specific modelling of joint stiffness in this analysis;

There was no redistribution of bending moments in this modelling approach;
The connection between beams and columns was assumed to be concentric;

Accidental eccentricities and second-order effects were considered in the
analysis;

The contribution of infills to the structural response was not considered;
however, their weight was included in the overall loads;

The foundation support was restrained in all directions.

Notably, the chosen reinforcement design for each kind of structure (A1-5, B1-4 and C1-
4) was the worst scenario from all heights. In the case of the Al structure, for instance, the
worst case was the Al structure with 5.0 m and 5.5 m of height in the first storey.

3.4.2 VERTICAL LOADS AND SEISMIC ACTIONS

The vertical loads of office buildings were considered in all assessed buildings according to EN
1990 [28] and EN 1991-1-1 [29]. The experiments can be summarized as follows:

1.

3.

Structure self-weight (G 1): All storeys: RC columns, beams, and slabs have a
density of 25 kN/m?;

Other permanent loads (G »):

1. First to fourth storeys: External walls and partitions have a uniformly
distributed load of 1.2 kN/m?, and these storeys have a final a load of 1.3

kN/m?;
ii.  Fifth storey: Has a final load of 1.0 kN/m?.
Live loads (Qk):

i.  First to fourth storey: Buildings for use as civil dwellings, falling into the
usage category A, have a live load of 2.0 kN/m?;

ii.  Fifth storey: H roofs considered inaccessible, except for normal
maintenance.
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To develop the design spectra for the elastic analysis considering the structural systems,
the behaviour factor q and its components were defined in accordance with EN 1998-1 [20] and
prEN 1998-1-2 [22] for regular structures both in plans and elevations. The analysis took into
account the DCM ductility class recommended in EN 1998-1 [20].

The definition of the seismic action follows EN 1998-1 [20]. The recommendation in the
quoted standard for seismic intervention for local collapse prevention with an exceedance
probability of 10% in 50 years is for structures of ordinary importance. In this work, ground
type B and importance class II with a correspondence factor of y1 = 1.0 were used to build up
the type 1 elastic and design spectra for the elastic analysis in accordance with EN 1998-1 [20].
The values of the parameters characterizing the elastic response spectra (£ = 5%) for the
structure analyzed are displayed in Table 3-3.

Table 3-3: Horizontal response spectra properties

Ductility Class S. (m/s?) ag (m/s?) q
DCM 5.00 1.67 3.90

3.4.3 LOAD COMBINATION
The structures were designed for the following:

1. ULS — Fundamental combinations
z Vo Oki o1 Qs (1)
i>1
2. ULS — Seismic combinations
Z Gk,j “+”AEd“+” Z W2,i.Qk,i (2)
i>1 i>1

Wind, snow, and thermal actions were not considered as the seismic demand is paramount
in influencing the design. The combinations of actions are outlined in Table 3-4. The seismic
combinations account for accidental eccentricities.

Table 3-4: Load combinations

Load Combination Nature Gi,1 G2 Ok Egax Egay Aceejix  Acceiy
1 ULS-Fundamental 1.35 1.35 1.50 - - - -
2 0.30 1.00 0.30 1.00
3 -0.30 1.00 -0.30 1.00
4 0.30 —1.00 0.30 —1.00
Z ULS-Seismic 1.00 1.00 0.30 1(?6300 Ol. 3%0 ]%300 01' 3%0
7 1.00 -0.30 1.00 —0.30
8 -1.00 0.30 -1.00 0.30
9 —1.00 -0.30 -1.00 -0.30

3-7
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3.5 SEISMIC RESPONSE ASSESSMENT OF DESIGNED STRUCTURES

The seismic assessment of the structures was carried out in the SeismoStruct [30] framework.
This software has been extensively quality checked and validated in the scientific environment.
It is a Finite Element package capable of predicting the large displacement behaviour of space
frames under static or dynamic loadings, considering both geometric nonlinearities and material
inelasticity [31].

SeismoStruct accommodates both static (forces and displacements) and dynamic
(accelerations) loads and offers a range of analytical capabilities including eigenvalue analysis,
nonlinear static pushover, nonlinear static time-history analysis, and response spectrum analysis,
among others [31].

We used a static pushover analysis as the modelling approach. Pushover analysis is a
method employed in assessing buildings against seismic loads, aiming to ascertain their
structural performances under various irregularity scenarios [32]. Several studies have also used
this type of analysis in studying irregular buildings [9,32-34]. Inelastic force-based frame
elements were subdivided into seven integration sections, with each section further discretized
into 204 fibbers to capture the nonlinear material behaviour accurately.

Eurocode 8, in its first [20] and second [22] generations, presents differences in the
vertical irregularity criteria. The first generation is more qualitative in the criteria assessment.

However, the new draft presents a more quantitative approach. Those criteria are presented in
Table 3-5.

Table 3-5: Comparison of vertical irregularity criteria between the generations of
Eurocode 8

Criteria EN 1998-1 [20] prEN 1998-1-2:2024 [22]
Conti- Continuity of all resistant systems in lateral
nuity directions
Lateral Gradual or no reduction in lateral stiffness and

stiffness  mass between storeys.

Gradual or no reduction in mass between

Continuity of all resistant systems in lateral directions

Not exceed 30% of variation between storeys

Mass Not exceed 150% of variation between storeys
storeys

Resis- Proportional variation in the ratio between real The ratio between real and required strength of the

tance and required strength between storeys floor does not exceed 30% between storeys

Not surpassing 20% of the plan dimension of
the lower storey in the setback direction.
Single setback situated within the lower 15%
of the overall elevation of the primary
structural system must not exceed 50% of the
planned dimensions of the inferior floor.

Setback  Non-symmetrical setbacks: Setbacks of all
levels must not be superior to 30% of the
planned dimensions at floor level above the
foundation or the upper level of a rigid
basement, with each individual setback being
limited to 10% of the planned dimensions of
the lower storey.

Not mentioned
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3.6 RESULTS AND DISCUSSION

Table 3-6 presents the first three natural frequencies (F1, F2, and F3) of each type of structure
obtained from SeismoStruct. The structures Al to AS, B1 to B4, and C1 to C4 behave similarly
regarding natural frequency, without much deviation despite the increase in height.

Figure 3-3 presents a comparison between the structural frequencies obtained from
SeismoStruct and the structural frequency method proposed by Ditommaso et al. [35]. The
frequency results for the B1-B4 structures, the C1-C2 structures with heights of 4.5 to 5.5 m,
and the C3—C4 structures with heights of 4.0 to 5.5 m comply with the structural frequency
prediction method even though that methodology includes the infill walls’ contributions in the
assessment. However, huge differences between the frequencies obtained by the models and
the aforementioned prediction method are shown for the other structures, reaching up to 108%
for the A3_4.0m model.

Table 3-6: Natural frequencies

Height (1st Frequency (Hz) Height (1st or Frequency (Hz)
Structure  or 3rd Structure 3rd Store

Storeyy m) P Fr Fs (my VR Fr Fs

3.0 2.0 2.1 2.3 3.0 2.9 3.2 33

3.5 1.9 2.0 2.1 3.5 2.8 3.1 3.1

4.0 1.8 1.9 2.0 4.0 2.6 2.9 2.9

Al 4.5 1.7 1.7 1.9 B3 4.5 2.5 2.7 2.7
5.0 1.5 1.6 1.7 5.0 2.3 2.5 2.6

5.5 1.4 1.5 1.6 5.5 2.2 2.3 2.4

3.0 2.0 2.1 23 3.0 3.0 3.2 33

3.5 1.9 2.0 2.1 3.5 2.8 3.1 3.1

4.0 1.8 1.9 2.0 4.0 2.7 2.9 2.9

A2 4.5 1.7 1.8 1.9 B4 4.5 2.5 2.7 2.7
5.0 1.6 1.7 1.8 5.0 2.3 2.5 2.6

55 1.5 1.5 1.7 5.5 2.2 2.3 24

3.0 1.9 2.0 2.1 3.0 3.0 3.2 33

3.5 1.8 1.9 2.0 3.5 2.9 3.0 3.1

4.0 1.7 1.8 1.9 4.0 2.7 2.8 2.9

A3 4.5 1.6 1.7 1.8 ¢l 4.5 2.5 2.7 2.8
5.0 1.5 1.5 1.7 5.0 24 2.5 2.6

55 1.4 1.4 1.5 5.5 2.2 2.3 24

3.0 1.9 2.0 2.2 3.0 3.0 3.2 33

3.5 1.8 1.9 2.1 3.5 2.9 3.0 3.1

4.0 1.7 1.8 1.9 4.0 2.7 2.8 2.9

Ad 4.5 1.6 1.7 1.8 2 4.5 2.5 2.7 2.8
5.0 1.5 1.5 1.7 5.0 24 2.5 2.6

5.5 14 1.4 1.6 5.5 2.3 2.4 24

3.0 2.0 2.0 2.2 3.0 3.0 3.2 33

3.5 1.9 1.9 2.1 3.5 2.9 3.0 3.1

4.0 1.7 1.8 2.0 4.0 2.7 2.8 2.9

A3 4.5 1.6 1.7 1.8 3 4.5 2.5 2.6 2.7
5.0 1.5 1.6 1.7 5.0 2.4 2.5 2.6

5.5 1.4 1.4 1.6 5.5 2.2 2.3 2.4

3-9
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Table 3-6: Cont.

Height (1st Frequency (Hz) Height (1st or Frequency (Hz)
Structure  or 3rd Structure 3rd Storey)
Storey) (m) F P F3 (m) F ) I3
3.0 3.0 33 33 3.0 3.1 33 34
3.5 2.8 3.1 3.1 3.5 2.9 3.1 3.2
4.0 2.7 2.9 2.9 4.0 2.8 2.9 3.0
Bl 4.5 2.5 2.7 2.7 4 4.5 2.6 2.7 2.8
5.0 23 2.5 2.6 5.0 24 2.5 2.6
55 2.2 2.3 2.4 5.5 2.3 2.3 2.4
3.0 3.0 3.2 33
3.5 2.8 3.1 3.1
4.0 2.7 2.9 2.9
B2 4.5 2.5 2.7 2.8
5.0 2.4 2.6 2.6
5.5 2.2 2.4 2.4
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Figure 3-3: Comparison of structural frequencies: the calculated frequencies versus
frequencies obtained from the prediction method proposed by Ditommaso et al. [35]

It should be noted that, for all of the parameters discussed in Figures 3-4 — 3-9, the Al
structure in which all storey heights are 3.0 m is the reference model that the others are
compared to. Additionally, the moved mass in first vibration mode was always higher than 80%,
starting by translation in X direction, than in Y direction in the second vibration mode, and
finally by rotation in Z axis.

Figures 3-4 and 3-5 present the evolutions of the lateral stiffness on individual floors in
all of the structures, along both the X and Y axes. The lateral stiffnesses of the structures were
obtained by applying unitary displacements to the peripheral column nodes of the storey under
assessment and fixing the column nodes of the storeys below. The slope obtained for the force—
displacement relationship represents the lateral stiffness of the storey. This procedure was
performed on all storeys, with lateral stiffness being the sum of all the calculated forces that
generate a unitary displacement.

3-10
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Figures 3-4 and 3-5 and Table 3-6 support the following findings:

1. All structures, except for Al, B1, B3, and B4 with 3.0 m of height in the
first storey and A2 and B2 on the third floor, as well as A1, B1, B3, B4, C1,
C3, and C4 with 3.5 m of height on the first floor, present irregularities in
elevation due to a reduction in the lateral stiffness of more than 30%,
according to prEN 1998-1-2 [22];

2. For the models analysed, the increase in height on the first or an intermediate
floor produces a stronger effect on lateral stiffness, and therefore, on the
irregularity in elevation, than the reduction in the cross-sections of the
columns. Also, in this regard, the impact of increasing height on the third
floor is worse than on the first floor. These assessments all occurred on all
considered plan geometries, which means that, for the assessed structures,
an irregularity in the plan does not have a considerable effect on the lateral
stiffness.

It is important to highlight that only the AS structure presents a resistance variation higher
than 30% in the fourth storey. This parameter was determined through pushover analyses of the
structure, considering the forces applied on the peripheral columns in each storey and the axis
separately with the nodes of the columns in the storeys below being fixed. The maximum base
shear observed in each storey was taken and compared to each other. According to prEN 1998-
1-2 [22], this represents an irregularity in elevation. However, that fact did not demonstrate a
huge difference in the lateral stiffness behaviour.

Figures 3-6 and 3-7 represent the displacement responses and inter-storey drifts of the
studied structures in the maximum baseshear of each capacitive curves, and Table 3-7 shows
the maximum top displacement and storey drift at each observed height studied for the
structures with these characteristics. Figure 3-8 illustrates the % variation in the maximum inter-
storey drift observed in each structure in comparison with the structures with 3.0 m of elevation
and the base shear of each structure for each studied height. Figure 3-9 shows the capacity
curves of the studied structures, complementing the information provided in Figure 3-6 and
Table 3-7.
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Table 3-7: Maximum top displacements and inter-storey drifts

Height Maximum To Height Inter-Store
(mg) Structure Storey Displacement (n?m) (mg) Structure Storey Drift (% )y
3.0 B4 3.0 5 2154 3.0 Al 3.0 1 3.0
3.5 B3 35 5 204.1 3.5 B3 3.5 1 2.8
4.0 A2 4.0 5 230.1 4.0 A2 4.0 1 2.9
4.5 A2 45 5 309.9 4.5 B2 4.5 1 3.2
5.0 B2 5.0 5 319.2 5.0 A2 5.0 3 34
5.5 B2 5.0 5 293.4 55 A2 55B2 55 3 3.4

The following findings can be extracted from Figures 3-6 — 3-9 and Table 3-7:

1. From Figure 3-6, it can be seen that decreases in the top displacements occur
when the height of the ground soft storeys in the models increases from 3.0 m to
4.5 m, as demonstrated in the studies by Abd-Alghany et al. [36] and Ibrahim
and Mohamad [37]. However, when the first-floor elevation rises to 5.0 m and
5.5 m, the top displacements increase;

2. From Table 3-7 and Figures 3-6 and 3-7, it can be seen that the maximum
displacements and storey drifts are observed, respectively, in the B2 structure
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(height = 5.0 m) and in the A2 and B2 structures (height = 5.5 m). Those
structures present the height increase in the intermediate floor. Comparing these
results with the information provided in Figure 3-6, it can be concluded that, for
structural displacement, the increase in the elevation of the intermediate floor
produces a worse displacement behaviour than the same increase on the ground
floor. It is also important to highlight that, except for A2, B2, and C2 structures,
all other buildings present similar results regarding structural displacement;

From Figure 3-8a, it can be seen that, compared to the regular structure (A1 with
h = 3.0 m), a maximum storey-drift increase of 14.2% occurred in structure B2
with 5.5 m of elevation on the intermediate floor. The A2 structure, in the same
conditions, produced a maximum storey-drift increase of 14.0%, similar to the
previous structure. However, for the C2 structure, the maximum increase
observed was 6.1% with a height of 5.5 m. It can be concluded, from these results,
that the planned geometry can impact the storey-drift behaviour of structures.
Additionally, considering the variations in the cross-sections of the columns in
the assessed structures, it can be concluded that this parameter produces a
stronger impact in this regard. Except for the A2, B2, and C2 structures, which
present height increases on the third floor, analogous results can be seen in Refs.
[13,17,36,38];

From Figure 3-8a, compared to the regular structure (Al with h = 3.0 m a
maximum storey-drift decrease of 40.7% was observed for the C2 structure with
a height of 3.5 m. An important point of discussion on that matter is, for the C2
structure, the storey-drift starts to decrease from a height of 4.0 m to 5.5 m. It
can be inferred that the planned geometry and cross-section of columns play an
important role in this behaviour;

From Figures 3-8b and 3-9, it can be seen that the Al structure exhibits a
considerably higher base shear value in comparison with the A3, A4, and A5
structures. However, the B1, B3, and B4 structures have similar base shear
behaviours. The same can be observed for the C1, C3, and C4 structures. This
probably occurs due to the reductions in the cross-sections of the columns
observed in the A3, A4, and A5 models. The same reduction occurs in the B and
C structures. However, the planned geometry compensates for that effect.
Except for the A2, B2, and C2 structures which present height increases on the
third floor, similar results can be found in Refs. [13,17,36,38];

Still concerning Figure 3-8b, the structures A2, B2, and C2 (with increasing
heights of the third storey) present, respectively, 15.2%, 19.5%, and 21.9%
lower base shears at a height of 3.0 m in comparison with, respectively, the Al,
B1, and CI1 structures in the same conditions. However, for heights of 4.0 m to
5.5 m, the A2, B2, and C2 structures exhibit higher base shears than other
structures of the same type. Despite those structures presenting a worse
structural behaviour in that regard, the deleterious effect of the increasing height
on the first floor on structural demands is higher than those demands on A2, B2,
and C2 structures. It can be concluded that, for the assessed structures, the soft-
storey effect on the intermediate floor is more detrimental to the seismic
response of the structure than the ground soft-storey, but only for heights of 3.0
m and 3.5 m.
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To evaluate the relationship between mass variations in consecutive storeys and
irregularities in the elevation criterium in seismic response, as prescribed in prEN 1998-1-2
[22], increases in the masses of the external beams on the third storey of each model of 20%,
30%, 40%, and 50% were simulated for the A2 and B2 structures. The results of this analysis
are presented in Table 3-8. This parameter has no discernible impact on the behaviour of the
structure in terms of displacement or maximum base shear during seismic occurrences, which
corroborates the mass variation criteria in the aforementioned code, which presents a limit of
150% of variation for a structure be considered irregular, and also agrees with the results of
Benaied et al. [13].

Table 3-8: Absolute displacement and base shear data, considering mass variations

Absolute Displacement (mm)

Mass Variation between

Structure Storeys Storey Maximum Base Shear (kn)
1 2 3 4 5

A2 0.0% 757 1223 1469 161.5 168.0 7983.4
A2 20% 19.7% 751 1222 147.0 161.6 168.0 7995.3
A2 30% 21.3% 749 1221 147.1 161.6 168.0 8001.2
A2 40% 23.0% 74.6 1221 1472 161.7 168.0 8006.8
A2 50% 24.6% 794  128.0 1532 167.7 1740 8013.1

B2 0.0% 79.8  136.0 165.6 182.7 191.5 43072.4
B2 20% 15.0% 833 141.5 1715 188.7 197.6 43164.2
B2 30% 16.2% 83.0 1414 171.6 188.8 197.6 43172.1
B2 40% 17.5% 82.7 1414 1717 188.8 197.6 43178.9
B2 50% 18.7% 82.5 1413 1717 188.8 197.6 43184.1

C2 0.0% 61.0 96.6 1174 1302 136.6 63095.1
C2 20% 13.9% 60.7 965 1175 1302 136.5 63125.9
C2 30% 15.0% 60.5 964 1175 1302 136.5 63150.3
C2 40% 16.2% 604 964 1175 1302 136.5 63174.4
C2 50% 17.3% 60.2 964 117.6 130.2 136.5 63197.8

3.7 SUMMARY AND CONCLUSIONS

This study evaluated a broad range of irregularities in elevation scenarios, providing a thorough
examination of their impacts on seismic responses. Robot Structural Analysis Professional 2024
software was used to design several structures according to Eurocode guidelines and
SeismoStruct v2024 software was used to conduct a push-over analysis of these structures to
analyse the seismic response of those models.

It is important to highlight that our conclusions were focused on RC structures with
specific planned configurations and heights, with C30/37 concrete and B500 reinforcements.
This work contributes to bettering our understanding of structural behaviour, regarding several
imposed irregularities in elevation.

Hence, the following conclusions can be made.

1. Despite the increases in height and the reductions in the cross-section of
columns, the investigated buildings exhibit similar behaviours in terms of
natural frequency;

2. Increasing the height of the ground or intermediate floor has deleterious effects
on lateral stiffness, top displacement, inter-storey drift, and base shear.
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Additionally, the soft-storey effect on the intermediate floor is more damaging
to the seismic response of the structure than the ground soft-storey, but only for
heights of 3.0 m and 3.5 m. On higher levels in the buildings, the behaviour is
the opposite;

3. For the assessed structures, the irregularity in elevation due to the difference in
resistance or mass between floors did not significantly affect the seismic
response. It is important to highlight that the maximum mass variation imposed
was 50%. However, further studies need to be carried out to draw better
conclusions;

4. The plan geometry and the cross-section of columns play an important role in
the inter-storey drift. Additionally, the column’s cross-section substantially
impacts the base shear of structures. However, that effect could be compensated
for in the plan geometry;

5. Further studies with different structural geometries, considering irregularities in
plan and elevation, more cross-section options for columns and beams, and mass
and structural resistance variations, are necessary to draw further generalized
conclusions.
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Yielding strain of reinforcement

Partial factor for permanent action j

Partial factor for leading variable action
Combination factor for variable actions

Seismic accidental torsional effect generated by Egax
Seismic accidental torsional effect generated by Egay
Design value of seismic action

Design ground acceleration

Ductility class medium

Elastic modulus of concrete

Action effect caused by the imposition of the seismic action along the selected
horizontal axis x

Action effect caused by the imposition of the seismic action along the selected
horizontal axis y

Elastic modulus of reinforcement

Characteristic compressive strength of concrete
Mean compressive strength of concrete

Design compressive strength of concrete
Characteristic tensile strength of concrete

Mean tensile strength of concrete

Design tensile strength of concrete

Characteristic yield strength of reinforcement

Mean strength of reinforcement

Design yield strength of reinforcement
Characteristic permanent action j

Moment-resisting frame
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Characteristic variable action i

Soil factor
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4 Numerical study on the influence of corrosion and vertical
irregularities on seismic behaviour of RC frame structures

Santos, D.; Melo, J.; Furtado, A.; Varum, V. (submitted in press) Numerical study on the
influence of corrosion and vertical irregularities on seismic behaviour of RC frame structures.

4.1 ABSTRACT

The structural vulnerability of RC structures during major seismic events raised several
concerns regarding structural design and behaviour. Additionally, corrosion’s impact on steel
and concrete, including reduction in ductility, confinement and strength, can compromise
structural performance, especially for reversal loading. This work investigates the combined
effect of corrosion and seismic actions on the structural performance of RC structures.
Numerical models of a RC structure with 0%, 5%, 10%, 15% and 20% of corrosion were
proposed. The effect of corrosion in the numerical models were calibrated based on
experimental studies carry out on corroded RC elements. Afterwards, it was considered the
scenario of corrosion in all peripheral structural elements of 5 and 10-storey MRF structures.
To enforce vertical irregularity, it has been imposed variation of ground floor height in each
structure. An adaptative pushover analysis was performed to assess the effect of corrosion and
vertical irregularity in seismic response. The results demonstrate that, from the level of 10% to
20% of corrosion, the uniform corrosion produces deleterious impact in structural response,
regardless the level of irregularity in elevation. However, the irregularity generates a higher
impact in seismic response than the uniformly distributed corrosion in height. Additionally, the
combined effect of those parameters is even worst in seismic vulnerability.

4.2 INTRODUCTION

The structural vulnerability of reinforced concrete (RC) buildings during major seismic events
raised several concerns regarding structural design and behaviour, construction methods and
existing building maintenance guidelines. Modern RC buildings are designed to establish a
global ductile failure mechanism, allowing for anticipated plastic rotations in beams. This
design approach mitigates shear collapse by implementing a capacity design procedure and
adhering to specific requirements regarding construction details and material properties [1].

Corrosion’s impact on steel and concrete, including reduction in ductility, confinement
and strength, can compromise structural performance. It is marked by a decline in strength and,
more critically, a decrease in structural displacement capacity, often leading to the change of
collapse modality and unforeseen failures. This issue was highlighted in some numerical studies
aimed at capturing the effect of corrosion on the seismic performance of the entire building [2—
8]. Such a problem can be even higher in existing RC buildings characterised many times by
the strong beam/weak column hierarchy typical of design performed only towards vertical loads,
frequently exposed to brittle soft-storey collapses [9]. The corrosion on RC structures may
change not only their seismic performance but also the behaviour under other lateral loads such
as tsunamis [10].

To assess the residual performance of corroded structures, comprehensive research has
been conducted over the past few decades, leading to the development of numerous empirical
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and theoretical relationships between corrosion levels and various performance indicators,
including corrosion-induced crack width, bond-slip behaviour, mechanical properties of
corroded reinforcement bars, and the load-carrying capacity of corroded elements. However,
for these correlations to be applied in structural assessments, the corrosion level must first be
accurately quantified, which presents significant challenges for in-service structures compared
to laboratory specimens [11].

Recent experimental studies have demonstrated the significance of assessing the impact
of corrosion on the strength and, particularly, the displacement capacity of RC columns. This
is especially relevant for columns affected by pitting corrosion and those well-confined and
designed to exhibit ductile behaviour [7]. Meda et al. [4] indicate that corroded elements
experience a reduction in ultimate strength and overall ductility by as much as 50% when the
corrosion level reaches around 20% mass loss, even when the confinement loss from stirrup
deterioration is disregarded.

This work aims to contribute to that field by performing a numerical analysis of 5-10
storeys MRF (moment-resisting frame) structures. 0%, 5%, 10%, 15% and 20% corrosion have
been considered in the adaptative push-over analysis of those structures. To calibrate those
models, it was performed a study of models proposed by the experimental work of Meda et al.
[4], Goksu et al. [5], Yang et al. [6], Rajput et al. [7] and Rinaldi et al. [8]. Considering those
studies, the structural configuration of each percentage of corrosion was proposed, and the
existing buildings were assessed based on those characteristics.

This study considered the worst scenario proposed by Caixinhas et al. [12], namely:
Extreme conditions in which all facade elements are subjected to corrosion, facilitating a
comprehensive assessment of the overall impact of deterioration. Adaptative pushover analyses
were conducted in SeismoStruct v2025 software [13] to assess the impact of corrosion on
seismic response. The capacity curves, performance points, initial stiffness, yield point,
maximum resistance, and inter-story drift profile were discussed and compared.

43 CORROSION IMPACT ON SEISMIC BEHAVIOUR

Besides the well-known cross-section reduction, the decrease in the deformation capacity of
rebars due to corrosion is evident in reinforcements. Experimental results highlighted residual
values of the elongation to maximum load relatively equal to the 50% of the sound performance
[14-17], a lower but anyway relevant decrease of ultimate elongation and a negligible
deterioration of strength, both at yielding and ultimate level [18,19]. The reduction of ultimate
elongation of stirrups acts on RC sections’ confinement: together with the progressive reduction
of stirrups’ diameter, the deterioration of the deformation capacity due to corrosion leads to the
loss of confinement and the following decrease of strength and ductility properties at section
and element level [9].

Based on the corrosion effects, the decrease in the structural seismic performance of RC
structures is often related to the shift of the collapse modality. Modern RC buildings are
designed to develop a global ductile failure mechanism with plastic hinges expected in beams,
preventing shear collapse by adopting the capacity design procedure and respecting specific
requirements for executive details and material characteristics [1]. The effects of corrosion on
steel and concrete (reduction of ductility, confinement, strength, etc.) can impair structural
response with a decrease in strength and, more importantly, with a reduction of structural
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displacement capacity, often leading to the change of collapse modality and unexpected failures
[2].

Such issue can be even higher in the presence of constructions where no specific attention
was devoted to these aspects: this is the case, for example, of existing RC buildings
characterised by the intense beam/weak column hierarchy typical of design performed only
towards vertical loads, frequently exposed to brittle soft-storey collapses [9].

Experimental studies to assess the cyclic behaviour of corroded RC columns have been
carried out by several authors, namely: Meda et al. [4], Goksu et al. [5], Yang et al. [6], Rajput
et al. [7] and Rinaldi et al. [8]. Table 4-1 presents the experimental parameters of those works.
Figure 4-1 presents the last drift ratio and lateral load regarding the percentage of corrosion.
The last drift ratio is defined as the comparison between the last observed drift in the assessed
corroded element and the last drift shown in the uncorroded column in each experimental study.
The moment of the drift is defined by the significant damage level of the column. From then, it
can be seen:

1. The shift of all parameters between studies, from geometrical parameters to
concrete and rebars properties, reduced axial load of the columns and also the
applied lateral load developed in the assessed experiments;

2. Figure 4-1a presents a clear decreasing tendency of drift ratio when the corrosion
increases. Combining the same trend of lateral load illustrated in Figure 1b, it
can be inferred that the deleterious impact of corrosion from 10% upwards.

Table 4-1: Experimental parameters of corrosion studies

Experimental Meda et al. Goksu et al. Yang et al. Rajput et al. Rinaldi et al.
parameters [4] [5] [6] [7] [8]
C"lumnic‘iﬁemlons 30x30 20x30 21x21 30x30 30x30
Columns height (cm) 180 139 100 180 180
Longitudinal rebar 0.89% 1.03% 2.31% 1.79% 0.89%
rate (%)
Transversal bars 28/30cm 28/10cm 26/9cm 210/8cm 298/25cm
Average concrete
compressive strength 20.0 25.0 46.4 33.0 25.0
(MPa)
Concrete modulus of
clasticity (MPa) 30.0 25.0 36.0 27.0 23.5
Reduced(é’)“al Load 22.0% 19.0% 14.0% 12.0% 13.0%
0
Applied (Ifg\tf)ral Load 63.0 60.7 60.0 121.8 60.0
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Figure 4-1: Comparison of experimental studies regarding the shift of: (a) last drift
ratio and (b) lateral load

4.4 NUMERICAL MODELLING RC MRF STRUCTURES
441 MODELLING APPROACH

The modelling approach employed in this study for simulating RC elements utilized, similarly
to Caixinhas et al. [12], inelastic force-based frame elements subdivided into seven integration
sections, with each section further discretized into 204 fibbers to capture the nonlinear material
behaviour accurately.

To characterize the behaviour of rebars and concrete under corroded and uncorroded
conditions, the uniaxial constitutive model developed by Monti and Nuti [20] was adopted for
steel, while the model proposed by Mander et al. [21] was employed for concrete.

To simulate the effects of corrosion on columns and beams, two strategies were employed:

1. Reduction of the effective cross-sectional area of the longitudinal and transverse
reinforcement to simulate the material loss associated with the corrosion process
in RC elements. The reduction (%) of corrosion represents directly the
percentage of cross-section rebars loss due to this process. SeismoStruct v2025
[13], nonetheless, has a limitation in stirrups modelling stirrups: it restricts the
bars selection to standard diameters, thereby precluding the use of intermediate
sizes. To overcome this limitation, the stirrup spacing was adjusted to obtain the
desired equivalent cross-sectional area per meter;

2. Modifying the mechanical properties of the steel, considering the parameters
observed in experimental studies of Meda et al. [4], Goksu et al. [5], Yang et al.
[6], Rajput et al. [7] and Rinaldi et al. [8]. The calibration process is discussed
in next section.

4.4.2 MODEL’S CALIBRATION

Several models have already been developed to simulate the impact of corrosion on structural
behaviour. Alipour et al. [22] and Rao et al. [23] are examples of those studies. However,
considering the challenges in modelling this problem, their works present some deficiencies,
such as considering the impact of corrosion in inelastic bucking and low-cycle fatigue of rebars
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and its deleterious influence on damage states. Kashani et al. [24] addressed those issues and
incorporated the corrosion influence in seismic damage thresholds, as verified later by Dizaj et

al. [25].

Figure 4-2 demonstrates the numerical calibration of a column based on Meda et al. [4].
The detailing of the lateral displacement history is shown in Figure 4-1a and the load-drift
relationship of uncorroded column and column with 20% corrosion is presented in Figure 4-1b.
This approach has been performed by Goksu et al. [5], Yang et al. [6], Rajput et al. [7] and
Rinaldi et al. [8], resulting in the models” materials settings illustrated in Figure 4-3 and Table

4-2 and 4-3.

From those figures and tables the following conclusions can be drawn:

1.

Table 4-2 shows the constant material properties settings, notwithstanding
the shift of corrosion level. This means that, for those properties, the
corrosion level has no influence;

Almost all studies demonstrated similar results in steel elasticity modulus
(Es) and transition curve shape calibrating coefficient Al (a;) and
fracture/bucking strain (P), regardless of the increase in corrosion (200-210,
18,5-19.0 and 0.1372-0.2, respectively). Additionally, for 20% of corrosion,
the kinematic/isotropic (k) weighting coefficient and spurious unloading
corrective parameter (r (%)) also present similar settings in Meda et al. [4]
and Rinaldi et al. [8] (0.9 and 5.0, respectively)

Figures 4-3a and 4-3b, on the other hand, demonstrate considerable
variation of yield strength and transition curve initial shape parameter when
the level of corrosion increases;

Considering the discussion performed above, the proposed model settings
are demonstrated in Table 4-3. Despite the variation of E in the Rajput et
al. [7] study, 210 GPa in all corrosion levels was considered a control
variable approach. Additionally, f, (Yield strength) was 520 MPa in 0%
and 5% corroded structures. However, this value decreases to 350 MPa and
312 MPa for larger levels of corrosion. Furthermore, R, varies between 19.4
to 19,7. Finally, P remained constant (0.137) for 0%-15% of corrosion,
changing its value to 0.200 at the level of 20% of corrosion;

It is important to highlight the limitation of the discussion performed above
due to the restriction of data.

Table 4-2: Constant material properties settings throughout increasing corrosion level

Transition curve Isotropic Isotropic
Strain hardening . . hardening hardening Specific weight
shape calibrating . R . R 3
parameter (1) coeff. A2 (a,) calibrating coeff. calibrating coeff. (kKN/m°) (y)
) 2 A3 (a3) Ad (a,)
0.015 0.150 0.150 0.100 78
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Table 4-3: Proposed material properties settings

Corrosion level

Material properties

0% 5% 10% 15% 20%
E. (GPa) 210 210 210 210 210
f, (MPa) 520 520 350 350 312
U 0.015 0.015 0.015 0.015 0.015
Ry 19.500 19.500 19.400 19.450 19.700
ay 19.000 19.000 19.000 19.000 18.500
a, 0.150 0.150 0.150 0.150 0.150
asz 0.150 0.150 0.150 0.150 -
ay 0.100 0.100 0.100 0.100 -
P 0.137 0.137 0.137 0.137 0.200
v (kN/m?) 78 78 78 78 78
k - - - - 0.900
T (%) - - - - 2.500
(a) (b)
Number of cycles Load (kN)
5 T r ' T 75 Meda et al. (2014) 0% corrosion
al 1so Numerical 0% corrosion
3 145
2 {30 _
=" 5 :_E.
Z‘i 0+ 0 E’ g
5] -15 % g T
-2 H-30 3
-3 -5
-4 - -60
-5 -75
(0
Load (kN)

—— Meda et al. (2014) 20% corrosion
—— Numerical 20% comosicn 60

Drift (%)

Figure 4-2: Comparison between Meda et al. [4] and proposed numerical
modelling: (a) Horizontal displacement history; (b) Horizontal load-drift of
uncorroded columns, (c) Horizontal load-drift of 20% corroded columns
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initial shape parameter (R)

4.5 CASE STUDY

The RC MREF buildings considered in this work were obtained from Santos et al. [26]. The
structural system for the buildings consists of 5/10-storey frame RC structures with 3 spans in
both directions, spacing of 6.0 m on the X-axis and 7.0 m on the Y-axis. The height between
floors is 3.0 m for all storeys, except on the ground floor where the height considered is 3.0 m
or 4.0 m or 5.0 m to produce irregular in elevation by changing the lateral stiffness. The slabs
had 15 cm of thickness and were treated as rigid diaphragms. Those geometrical properties are
demonstrated in Figure 4-4.

The DCM (Ductility class medium) structures were designed according to EN 1990 [27],
EN 1998-1 [1] and prEN1998-1-2 [28]. Despite the structures designed with those provisions
being considered new structures, these ones will pass through corrosion process during their
life cycle. It is crucial to understand the impact of corrosion on seismic performance to better
predict their future behaviour.

The models have been named as shown in Figure 4-5. The first part indicates that there
are frame structures. Then, the next ones demonstrated the number of storeys of the building.
The third part specifies the ground floor height, and finally, the last part indicates the behaviour
factor considered in the design regarding the regularity classification of the structure.
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Figure 4-4: Frame building system configurations: a) Plan view; b) 5|10-storey
building cutaway

H3.0: Ground floor height 3.0 m
H4.0: Ground floor height 4.0 m

H5.0: Ground floor height 5.0 m

FR 55 H3.0 3.9

5S: 5 Storeys 03.9: Behaviour coefficient for MRF regular

10S: 10 Storeys structures
g3.12: Behaviour coefficient for MRF
irregular structures

Figure 4-5: Nomenclature of models

The material's characteristics and actions considered in the design were all fully discussed
by Santos et al. [26]. The structures were DCM made of C30/37 concrete (f, = 38 MPa), with
properties defined by Eurocode 2 [29] and EN 206-1:2007 [30]. The reinforcement steel is
classified as B500 (f,, = 520 MPa), with mechanical properties by EN 10080:2005 [31].
Regarding the loads considered in the design, it was considered, for vertical loads, the office
buildings characteristics. Additionally, the aforementioned work specified the approach for
seismic load consideration. Those data were considered for the corrosion impact in the seismic
response.

Figure 4-6 demonstrates the maximum lateral stiffness shift (Max inter-storey Ak)
between storeys observed in each model. Considering that this was the considered control
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variable regarding the irregularity in elevation imposition, those results were used to classify
the structures as regular or irregular in elevation.
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Figure 4-6: Maximum inter-storey lateral stiffness shift in X and Y axis

The corrosion propagation has been considered in all external RC elements, representing
the worst environmental condition, according to the worst scenario proposed by Caixinhas et
al. [12]. This scenario analysed five corrosion levels: 0%, 5%, 10%, 15% and 20%.

4.6 RESULTS AND DISCUSSION

Figures 4-7, 4-8, 4-9 and 4-10 presents, respectively, the capacity curves, the critical points of
those curves, the inter-storey drifts and the limit states demonstrated in the assessed models,
considering each level of corrosion. Table 4-4 demonstrates the percentual variation of critical
points observed in capacity curves in comparison with each uncorroded structures.

From those figures, the following conclusions can be drawn:

1. From the capacity curves demonstrated in Figure 4-7, the level of corrosion that
starts to impact significantly the structural capacity is 10%. Figure 4-8 illustrates
the maximum base shear shift compared to each corroded model. It shows this
tendency, with exception to FR10SH4.0q3,9 that presents a considerable impact
to the level of corrosion of 5%. For the 10%, 15% and 20% of corrosion, a
decrease in maximum base shear was observed at around 13.8%-32.0%. When
it compared of irregularity in elevation, the lateral stiffness shift and level of
corrosion, the maximum base shear behaviour are similar, regardless of the level
of irregularity;

2. In Figure 4-8, the corrosion impacts substantially for each structural critical
performance criteria:

a) First yield: All structures behave similarly to each other, presenting a
substantial decrease of the first yield appearance from 10% of corrosion.
However, FR10SH3,0q3,12 have presented a considerably higher
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decrease in that parameter in 10%, 15% and 20% of corrosion. The same
occurs for the FR10SH4,0q3,9 for 20% of corrosion;

b) First shear capacity: all structures performed similarly, regardless of
irregularity differences. The considerable decrease in shear capacity in
comparison to the observed in the respective uncorroded structures starts
to occur in 15% of corrosion (31.8%-53.5%) and 20% of corrosion
(44.3%-62.3%);

c) First crush uncover: As observed in the aforementioned parameters, the
level of 10% of corrosion is the crucial point of impact in this criterium.
For 5-storey buildings, the shifts in base shear for 5%, 10%, 15% and 20%
of corrosion in comparison to the respective uncorroded structures, were,
respectively, 5.0%-6.3%, 19.9%-23.9%, 23.2%-27.7% and 27.4%-32.1%.
For 10-storey models, the shifts were, respectively, 2.8%-3.7%, 10.7%-
14.8%, 10.6%-14.6% and 16.3%-22.5%. Doing the same assessment for
the displacement observed in Figure 7f, the variation, the maximum
variation observed was 5.9%;

d) First chord rotation capacity: this criterium behave analogously to the
previous one. For 5-storey buildings, the shifts in base shear for 5%, 10%,
15% and 20% of corrosion in comparison to the respective uncorroded
structures, were, respectively, 5.8%-6.6%, 21.0%-24.4%, 24.1%-28.3%
and 28.4%-32.1%. For 10-storey models, the shifts were, respectively,
3.6%-6.3%, 18.0%-18.6%, 17.7%-18.5% and 25.2%-27.0%. Doing the
same analysis for the displacement observed in Figure 7h, the variation,
for 5-storey were, respectively, 5.1%-6.1%, 7.7%-9.1%, 9.1%-12.0% and
9.1%-10.3%. For 10-storey buildings, they were, 2.6%-3.3%, 6.7%-7.2%,
2.9%-6.7% and 10.0%-82.1%;

e) First crush confinement: This parameter was observed only in 10 storey
structures, but not in all corrosion conditions.

3. Figure 4-9 demonstrated that the corrosion level does not considerably impact
the inter-storey drift. However, the irregularity, as expected and demonstrated in
Santos et al. [26], impacts substantially that parameter;

4. From Figure 4-10, it can be observed that, for the level of 5% of corrosion, the
base shear shift of limit states in each level of corrosion in comparison to
respective uncorroded models is no more than 7.0%. However, this variation is
considerably higher from 10% to 20% of corrosion (13.3%- 33.6%). It can be
also observed that, for 5% of corrosion, the difference of base shear between the
limit states level is slight. For the higher level of corrosion, the behaviour is the
opposite, except for FR10SH4.0q3,9 structure that presented the slight
difference between limit states base shear in all levels of corrosion.
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Table 4-4: Critical points of capacity curves comparison with uncorroded structures on base shear

Critical point

Level of corrosion

of z?ﬁsglty Structure 50, 10% 15% 20%
FR5SH3.093,9 -3.2% -14.7% -16.8% -21.6%
FR5SH4.0q3,12 -9.6% -15.3% -22.5% -25.9%

First Yield FR5SHS5.093,12 -3.0% -15.3% -17.9% -21.9%
FR10SH3.0qg3,12 -2.2% -60.7% -60.6% -61.3%
FR10SH4.093.9 -1.8% -11.2% -11.0% -58.1%
FR10SH5.0q93,12 -1.7% -10.4% -10.2% -16.3%
FR5SH3.093,9 6.2% -11.6% -36.4% -48.5%
FR5SH4.0q3,12 -3.2% -12.2% -31.8% -44.3%

First Shear FR5SHS5.093,12 -3.6% -15.1% -35.5% -47.9%

Capacity FR10SH3.0qg3,12 -1.8% -13.5% -49.5% -62.3%
FR10SH4.093.9 -1.8% -3.5% -47.2% -60.3%
FR10SH5.0qg3,12 -1.5% -3.2% -53.5% -54.2%
FR5SH3.093.,9 -5.0% -19.9% -23.2% -27.4%
FR5SH4.0q3,12 -5.2% -21.3% -25.0% -29.6%

First Crush FR5SHS5.093,12 -6.3% -23.9% -27.7% -32.1%

Unc. FR10SH3.0qg3,12 -2.8% -10.7% -10.6% -16.3%
FR10SH4.093.9 -3.2% -13.0% -13.0% -19.8%
FR10SH5.0qg3,12 -3.7% -14.8% -14.6% -22.5%
FR5SH3.093.,9 -3.5% -19.1% -22.4% -26.7%

First Chord FR5SH4.0q3,12 -4.3% -21.7% -25.4% -30.0%

Rotation FR5SHS5.093,12 -6.7% -24.5% -28.3% -32.9%

Capacity FR10SH3.0qg3,12 8.2% - - -59.4%
FR10SH4.093.9 2.3% -11.5% -11.1% -19.2%
FR10SH5.0qg3,12 -3.3% -16.0% -15.9% -24.7%
FR5SH3.093,9 - - - -
FR5SH4.0q3,12 - - - -

First Crush FR5SH5.093,12 - - - -

Conf. FR10SH3.0q3,12 - - - -
FR10SH4.093.9 -8.3% - - -
FR10SHS.093,12 3.4% -22.2% -20.0% -

(a) (b)
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Figure 4-9: Inter-storey drifts in 5|/10-storey frame buildings considering different
levels of corrosion
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Figure 4-10: 5|10-storey frame structures limit state comparison with corrosion
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4.7 SUMMARY AND CONCLUSIONS

RC structures are extensively utilized in contemporary construction. Nonetheless, they may
undergo degradation processes caused by corrosion and seismic events throughout their service
life. Accurately predicting structural behaviour, considering corrosion and seismic response,
remains a considerable challenge in numerical modelling. The existing literature lacks extensive
research on modelling strategies that integrate the effects of corrosion, seismic response in
reinforced concrete structures and their impacts in vertical irregular structures, highlighting the
complexity and underexplored nature of this field.

This work intended to contribute to that field by performing a numerical analysis of 5 and
10 storeys MREF structures, considering 0%, 5%, 10%, 15% and 20% of corrosion in peripheral
structural elements. Several experimental studies were considered to calibrate the models in
each level of corrosion.

From this work, it can be concluded that:

1. 10% of corrosion was the level that started to present a substantial impact in
seismic response in almost all the assessed parameters;

2. Corrosion does not significantly impact the inter-storey drifts once it was
considered in all floors, regardless the different levels of vertical irregularities;

3. Comparing the corrosion level and the vertical irregularity imposed in the
assessed structures, despite corrosion impacts decreasing structural capacity, the
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irregularity in elevation produces worst impacts in seismic response. However,
the combined effect substantially increased the seismic vulnerability.

It is important to highlight the limitation of this study. It was just considered RC frame
structures. For future studies, it is important to assess also RC shear wall structures, different
concrete strengths, structural geometries and, especially the combined impact of irregularity in
plan and corrosion in seismic response.
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4.9 NOMENCLATURE

a, az,
as, Ay
Eg
fe
fy

Transition curve shape calibrating coefficients A1, A2, A3 and A4, respectively

Steel elasticity modulus

Steel yield strength

Kinematic/isotropic weighting coefficient
Fracture/bucking strain

Spurious unloading corrective parameter
Transition curve initial shape parameter
Strain hardening parameter

Specific weight (kN/m?)

Ductility class medium

Limit states: Damage limitation, significant damage and near collapse, respectively

Moment-resisting frame
Reinforced concrete
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5 Vertical irregularity in RC MRF and wall structures: Evaluation
and proposal of irregularity levels and impacts on behaviour
factor

Santos, D.; Melo, J.; Maranhdo, H.; Varum, V. (submitted in press) Vertical irregularity in RC
MRF and wall structures: Evaluation and proposal of irregularity levels and impacts on
behaviour factor.

5.1 ABSTRACT

Eurocode 8 is currently undergoing revision on several aspects, such as ductility classes,
damage limitation thresholds, local ductility requirements and their corresponding detailing
provisions, and criteria for structural irregularities. This work assessed the impact of irregularity
in elevation in seismic response by analyzing the plan's regular DCM frame and wall structures.
The increase in ground floor height implemented the irregularity to produce shifts in the inter-
storey lateral stiffness. The design of those models was performed following the current
generation Eurocode 8 (ECS8) guidelines, using ETABS22® and the nonlinear analysis was
assessed by an adaptative pushover analysis in SeismoStruct v2025. Additionally, this study
examines the changes in behaviour factor calculus methodology in the first and second
generations of EC8 in those models. The main purpose of this work is to propose an
intermediate behaviour factor, considering the hypothesis that different levels of seismic
response of irregular structures exist. The outcomes of this research revealed that, for DCM
structures, irregular elevation impacts the seismic response substantially. Moreover, it is
proposed to the second generation of Eurocode 8 a classification of regular, irregular and
strongly irregular structures, with a correspondent reduction of 20% of (q) for irregular
structures and 30% for strongly irregular structures.

5.2 INTRODUCTION

The first generation of Eurocode 8 (EN 1998-1:2004) [1], together with Eurocode 2 (EN 1992-
1-1:2004) [2], established the foundational framework for structural analysis and design,
including the modelling requirements for stiffness, strength, and ductility. These standards
provide methodologies aimed at ensuring adequate structural performance under seismic
loading. The second generation of Eurocode 8 (prEN 1998-1-2:2024) [3], currently under
development, introduces several significant updates. Among them, the revised definition of the
behaviour factor (q) is particularly significant, as it explicitly incorporates the influence of
vertical irregularities in structural configurations, enhancing the link between seismic design
criteria and structural geometry in elevation.

Several studies have assessed the impact of behaviour and ductility factors on structural
seismic performance, highlighting their crucial role. Maranhao et al. [4] assessed, respectively,
the impact of the second generation of prEN 1998-1-2:2024 [3] provisions in design and
detailing provisions for moment-resisting frames (MRF) structures, including the study of 5
and 10-storey MRF regular in plan and in elevation buildings design in all prescribed ductility
classes from that code. In a later work, Maranhao et al. [5] also examined, including those
previously studied, the repercussions of the changes in the analysis methodology in the
behaviour factor and chord rotation verification according to the prEN1998-1-2:2024 [3].
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Fardis et al. [6] conducted a comparative study between the first and second generations of
Eurocode 8, using three design variants of a six-storey frame building with two basement levels.

The current version of Eurocode 8, EN 1998-1:2004 [1], does not provide a quantitative
criterion for evaluating vertical irregularity in structures. In contrast, the second generation of
Eurocode, prEN 1998-1-2:2024 [3], introduces a quantitative approach to assess each criteria
of vertical irregularity. In this context, MRF and wall structures were designed for DCM
(Ductility Class Medium), and an intermediate level of vertical irregularity is proposed. This
allows an evaluation of the corresponding impact of vertical irregularity on the behaviour factor,
providing insights into how stiffness irregularities in elevation influence seismic performance
regarding both generations of Eurocode 8.

The main purpose of this work is to propose an intermediate level of irregularity and its
corresponding impact on the behaviour factor, considering the hypothesis that different levels
of seismic response of irregular structures exist.

This proposal is based on the hypothesis that different degrees of vertical irregularity can
lead to distinct seismic responses in structures. The innovation of this work lies in the detailed
assessment of the effects of vertical irregularity—caused by shifts in lateral stiffness—on the
seismic performance of MRF and wall structures. The study considers the vertical irregularity
provisions of prEN 1998-1-2:2024 [3] and introduces a classification of varying levels of
vertical irregularity in elevation and their respective influence on the behaviour factor.

In the present study, 12 MRF and 24 wall structures, all designed for Ductility Class
Medium (DCM) and regular in plan, were developed with varying ground floor heights ranging
from 3.0m to 5.5m. All structures were non-torsionally flexible and designed per the
provisions of EN 1992-1-1:2004 [2] and EN 1998-1:2004 [1]. The criteria established by prEN
1998-1-2:2024 [3] were adopted to evaluate vertical irregularity in elevation. Adaptive
pushover analyses were performed on the designed structures to assess the behaviour factor.
Vertical irregularity was introduced by varying the lateral stiffness in elevation, which was used
as the control parameter. Other potential sources of irregularity—such as setbacks, mass
distribution, and resistance variation—were kept within the limits defined in prEN 1998-1-
2:2024 [3], ensuring that they did not contribute to irregularity.

53 BUILDINGS DESIGN

In this section, the structural design of Buildings is presented to enable a subsequent nonlinear
analysis. The design process followed established seismic design principles to ensure realistic
and code-compliant structural configurations. This serves as a basis for assessing the building’s
nonlinear behaviour under seismic loading in the following stages of the study.

5.3.1 BUILDING GEOMETRY AND STRUCTURAL SYSTEM

This study examines two types of building configurations, differing in plan geometry as follows
and illustrated in Figure 5-1:

e Moment Resisting Frame (MRF) structures with 5 and 10 storeys and
e Wall structures with 5, 10, 15, and 20 storeys.
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Figure 5-1: (a) Planview of MREF structures; (b) cutaway of 5-storey MRF
structures; (¢) cutaway of 10-storey MRF structures; (d) planview of wall structures;
(e) cutaway of 5-storey wall structures and (f) cutaway of 10, 15 and 20-storey wall

structures

The structural system for the buildings consists of a series of MRF and wall structures
spaced 6.0 m on the X-axis and 7.0 m on the Y-axis, typical of residential buildings, as
illustrated in Figure 5-1 (a and d, respectively). MRF and wall structures are present,
respectively, with 3 and 4 bays in both directions, respectively. The height between floors is
3.0m for all storeys. The models had their ground floor heights increased by 0.5 m to a
maximum of 5.5 m elevation to produce irregularity elevation by changing the lateral stiffness.
Table 5-1 presents the main geometrical characteristics of each analyzed structure.

The structures have been named as disposed in Table 5-1. The first two letters define the
structural type (MRF or wall structure). Then, the third and fourth elements specify the
structure's number of storeys. The third part of the nomenclature indicates the height of the
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ground floor, while the final part specifies the behaviour factor considered in the structural
design.

Table 5-1: Adopted nomenclature for the structures

Number Number of bays
of Str;lctural S 2 - Vertical regularity Structure label
storeys ype m/s X Y
Regular FR5SH3.0g3.9
Regular FR5SH3.5q3.9
MRF 3 3 Irregular FR5SH4.0q3.12
structure Irregular FR5SHA4.5q3.12
Irregular FR5SHS5.0qg3.12
5 75 Irregular FR5SHS5.5q3.12
’ Regular WAS5SH3.0q3.0
Regular WAS5SH3.5q3.0
Wall 4 4 Regular WAS5SH4.0q93.0
structure Irregular WAS5SH4.5¢2.4
Irregular WAS5SHS5.0g2.4
Irregular WASSHS.5g2.4
Irregular FR10SH3.093.12
Regular FR10SH3.593.9
MRF 3 3 Regular FR10SH4.0q3.9
structure Irregular FR10SH4.5q3.12
Irregular FR10SH5.093.12
10 75 Irregular FR10SH5.593.12
’ Regular WAI10SH3.093.0
Regular WA10SH3.593.0
Wall 4 4 Irregular WA10SH4.092.4
structure Irregular WAI10SH4.592.4
Irregular WAI10SH5.092.4
Irregular WAI10SH5.592.4
Regular WA15SH3.093.0
Regular WA155H3.5¢3.0
15 Wall 75 4 4 Irregular WA15SH4.0g2.4
structure Irregular WA15SH4.5qg2.4
Irregular WA15SH5.0g2.4
Irregular WA15SH5.5g2.4
Regular WA20SH3.093.0
Irregular WA20SH3.5g2.4
20 Wall 75 4 4 Irregular WA20SH4.0g2.4
structure Irregular WA20SH4.5g2.4
Irregular WA20SH5.0g2.4
Irregular WA20SH5.5q2.4

5.3.2 DESIGN CRITERIA AND MODELLING
5.3.2.1 SIZING AND MODELLING

The specifications in EN 1998-1:2004 [1] and prEN 1998-1-2:2024 [3] were meticulously
considered in the structural design of all structures. It was carried out by Finite Element (FE)
modelling in ETABS22® [7].

Santos et al. [8] defined the models' beams, columns, and shear walls under analysis
using concrete grade C30/37 and steel reinforcement grade B500. The concrete’s properties
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were defined according to EN 1992-1-1:2004 [2] and EN 206-1:2007 [9] standards. The
assumed nominal concrete cover was 30 mm.

Similarly to Santos et al. [8], the characteristics of the models can be delineated as
follows:

It was considered earthquake forces in X and Y directions;
Global torsional effects were considered in models;

Slabs were modelled as rigid diaphragms;

AW N

Columns, shear walls and beams were modelled as linear elastic bar elements.
However, joint stiffness was not explicitly represented in this analysis;

9]

No redistribution of bending moments was considered in this modelling approach;

6. It was assumed that the connections among beams, columns, and shear walls were
concentric;

7. The design incorporated both accidental eccentricities and second-order effects;

8. The structural response excluded the influence of infill walls, although their
weight was incorporated into the overall loads;

9. A fully restrained condition was assumed for the foundation support.

5.3.2.2 LOAD DEFINITION

The vertical loads of office buildings were considered in all evaluated structures following EN
1990:2002 [10] and EN 1991-1:2002 [11]. These considerations are summarized as follows:

1. Permanent loads:
a. Structure self-weight: 25 kN/m?;
b. External walls and partitions: 1.2 kN/m?, except for the roof;
c. Storeys finishing: 1.3 kN/m?, except for the roof (1.0kN/m?).

2. Live load: 2.0 kN/m? is prescribed for buildings categorized as civil dwellings in
usage category A, except for the roof that is considered accessible only for
maintenance and repair, accounting for 1.0 kN/m?.

Regarding horizontal loads, they were only considered seismic demands, dismissing wind,
snow, and thermal actions. That was established to make seismic demands paramount in
influencing the design.

Concerning the parameters that define the design spectra, all structures were considered
as DCM, ground type B, and importance class II. Finally, the combinations of actions were
assumed as defined by Santos et al. [8], considering meticulously the guidelines of EN 1998-
1:2004 [1] and EN 1990:2002 [10].
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5.3.3 VERTICAL IRREGULARITY ASSESSMENT

To assess vertical irregularity, the control variable adopted was the lateral stiffness ratio
between consecutive storeys, a parameter highly indicative of irregularity in elevation, as
demonstrated in several studies [8,12—14]. The design procedure is defined as follows:

1.

A preliminary design of the structures was carried out, assuming an arbitrary
classification of regularity in elevation.

The lateral stiffness to each storey of all structures was calculated on
ETABS22®. Following the procedure by Santos et al. [8], unit lateral forces
were applied at each storey's centre of mass position, while nodes of columns
and shear walls at the lower storeys were fixed. The slope obtained for the force-
displacement relationship represents the lateral stiffness of the storey. This
procedure was applied to all storeys, with the lateral stiffness determined as the
sum of all calculated forces required to produce a unit displacement. Regarding
the vertical irregularity classification, lateral stiffness shift was considered the
control variable. EN1998-1:2004 [1] does not provide a specific numerical limit
to that variation. Nevertheless, prEN 1998-1-2:2024 [3] establishes a maximum
shift in lateral stiffness to regular structures of 30%. That limit was considered in
the vertical irregularity classification;

Finally, the structures were designed, considering the classification of regular or
irregular structures regarding the abovementioned criteria.

The maximum lateral stiffness variation between consecutive storeys for each structure
is presented in Figure 5-2. The structures with a stiffness variation below 30% (classified as
regular in elevation) are shown in green bars, while those exceeding this threshold (classified
as irregular) are shown in red bars.

@ O

Figure 5-2: Maximum lateral stiffness variation between storeys in: (a) X-axis, (b)
Y-axis

5-6
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5.3.4 BUILDING DESIGN RESULTS

Table 5-2 presents the geometric and reinforcement characteristics of the designed MRF and
RC wall structures considered in this study. The structures range from 5 to 20 storeys and were
designed with varying ground floor heights (from 3.0 m to 5.5 m) to introduce different levels
of vertical irregularity. All structures are regular in plan and follow the provisions of the DCM
(Ductility Class Medium). The table details the dimensions and longitudinal reinforcement
ratios of columns, beams, and shear walls (when applicable), along with the corresponding slab
thicknesses for each storey range. The lateral stiffness variation across storeys—particularly at
lower levels—was intentionally introduced to evaluate its effect on seismic response and
behaviour factors. The abbreviation N/A indicates that shear walls are not present in the
corresponding MRF structures.

Table 5-2: Geometric and reinforcement properties of the elements for the designed MRF and RC wall

structures
Columns Shear Walls Beams
Long. Slabs thickness
Structure Storey Section Long. Section | rebar | Section Long.
(cmxcm) rebar (cmxem) | Ratio | (cmxcm) rebar (cm)
X Ratio (r) X (r)l X ratio (r)
FR5SH3.043.9 | Upto 55x55 1.06% 40x55 | 1T
FR5SH3.5q3.9 | storey 2 i 1.29%
FR5SH4.0g3.12 | Storey \ 1.41%-
FR5SH4.53.12 204 50x50 0.97% N/A N/A 40x50 1.26% 15
1 1.059
FRI0SH3.0q3.12 |_>toreY 60x60 05% 20x5S | 14%
FR10SH3.5q3.9 Szt(t’rei’ 55x55 1.25% e
FR10SH4.0q3.9 0
FR10SH4.5¢3.12 | Storey S0x50 151% NA - NAE s | 141%- 13
FR10SH5.0g3.12 S5 to 8 ' 11 -:g;ﬁ
FR10SH5.5q3.12 torey 0 -0U70-
91010 45x45 1.86% 35x45 1.60%
WASSH3.093.0 | Upto ) 2.14%-
WAS5SH3.5q3.0 | storey 2 I3%33 1.06% 40x35 1.14%
WASSH4.0g3.0 Storey o o 2.20%-
WASSH4.5q2.4 2 to 4 50x50 0.97% 400x30 | 0.45% 40x50 1.41% 15
WAS5SHS.0g2.4 Storey
WASSHS.5q2.4 4105 45x45 1.19% 35x45 1.60%
0
WA10SH3.03.0 Storey 1 60x60 1.05% 40xS5 4
WA10SH3.5q3.0 Szt(t’rei’ 55x55 1.25% e
WA10SH4.0q2.4 0 0
WAI10SH4.5q2.4 | Storey 50x50 1510 | 00S0 0BT 00 1.41%- B
WA10SH5.0q2.4 bf' to8 ' 11 ggo"/%’
WA10SH5.5q2.4 torey 0 -80%-
91010 45x45 1.86% 35x45 1.60%

N/A: Not applicable
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Table 5-2: Cont.

Columns Shear Walls Beams
Long. Slabs thickness
Structure Storey Section :‘Jeobnaglj Section | rebar | Section {j:l;lagl: (cm)
(cmxcm) Ratio (r) (cmxcm) Rzlrt)lo (cmxcm) ratio (r)
Storey 1 75x75 0.67%
Storey o
210 3 70x70 0.77%
WAI15SH3.0q3.0 | Storey 65%65 0.89% doxss | 228%-
WA15SH3.5q3.0 g‘tto 5 1.41%
orey
gﬁ}g:gi'ggij 6107 | 60x60 1L05% | 400x30 | 0.45% 15
WAI15SH5.0q2.4 | Storey 55%55 1.25%
WAI15SH5.5q2.4 | 8109
Storey 0 1.73%-
10 to 13 50x50 1.51% 40x50 1.26%
Storey 0 1.80%-
141015 45x%45 1.86% 35x45 1.60%
Storey o
1102 85x85 0.52%
Storey o
3104 80x80 0.59%
Storey o
5106 75x75 0.67%
WA20SH3.0g3.0 | Storey | 70,7, 0.77% 4oxss | 3%
WA20SH3.5q2.4 | 7t08 ’ 1.71%
WA20SH4.0q2.4 | Storey o o
WA20SH4.542.4 | 9to 10 65x65 0.89% 400x30 | 0.77% 15
WA20SH5.524 | 111012 | 00x60 1.05%
Storey o
1310 14 55x55 1.25%
Storey 0 2.51%-
151016 50x50 1.51% 40x50 1 41%
Storey o 2.39%-
17 to 20 45x45 1.86% 35x45 1.60%

N/A: Not applicable

5.3.5 NONLINEAR ANALYSIS

In order to investigate the effects of an intermediate level of vertical irregularity and its
corresponding impact on the behaviour factor, a nonlinear analysis was performed. This
allowed for a detailed evaluation of how variations in lateral stiffness along the height affect
the seismic response of the designed structures.

The modelling approach employed in this study for simulating RC elements utilized
inelastic force-based frame elements subdivided into seven integration sections, with each
section further discretized into 150 fibbers to capture the nonlinear material behaviour
accurately.

The seismic response of the assessed structures was analysed using the nonlinear analysis
performed in SeismoStruct v2025 [15] through the adaptative pushover method, involving the
estimation of the capacity curve of each structure and their strength, stiffness and second-order
effects globally and locally. Pushover analysis is a recognized method for assessing the

5-8
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structural response of buildings to seismic loads. Numerous studies have also employed this
approach to investigate the behaviour of regular and irregular buildings [16—19].

The concrete constitutive relationship proposed by Mander et al. [20], coupled with the
overall stress-strains behaviour confined concrete described by Popovics [21], were considered
in models’ configurations. Additionally, for the C30/37 unconfined concrete grade, the mean
compressive strength (f,,) is equal to 38 MPa.

Analogously, Menegotto et al. [22] considered the steel constitutive relationship coupled
with the hardening rules defined by Taucer et al. [23]. Furthermore, the B500 steel grade means
yield characteristic strength (f,x) equals to 500 MPa. It is essential to highlight that, in the
nonlinear analysis, it can be assumed that the average value of the steel yield stress is equal to
the characteristic.

54 BEHAVIOUR FACTOR ASSESSMENT

All behaviour factors considered in the design of the structures were considered as defined in
EN 1998-1:2004 [1]. However, prEN 1998-1-2:2024 [3] defines behaviour factor as the product
of the partial components gz, qs and qp:

e gy consider overstrength resulting from the redistribution of seismic action effects in
redundant structural systems;

e s accounts for overstrength arising from all other sources;

e (p acknowledges the deformation and energy dissipation capacity.

Following the approach of Maranhdo et al. [5], the estimation of the behaviour factor and
its components was carried out using the mathematical model adapted by Plumier [24], as
incorporated in prEN 1998-1-2:2024 [3]. In line with Plummier's proposal, the components gp,
qs and qp, were evaluated through the analysis of the building's capacity curve at key
performance points: Vg, de, V3, dq, Vy, dy, d;..

Those performance points are defined as follows:

e V,: the horizontal shear force obtained from the elastic analysis, considering a design
spectrum reduced by the behaviour factor;

d.: the displacement correspondent to the V, measured at the buildings” rooftop;

V;: the horizontal base shear force when the first plastic hinge is observed;

d;: the displacement correspondent to the V;

: the horizontal shear force at the global plastic mechanism formation;

- the displacement correspondent to the V;,

: the displacement at yield.

e o o o o o
=~

The qg, qs and qp were considered as defined by Maranhao et al. [5] and depicted, respectively,
in expressions (1), (2) and (3).

|74
an =1 (1)
1
V.
G=1" )
e
_ 3)
qD - dy
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5.5 RESULTS AND DISCUSSION
5.5.1 SEISMIC RESPONSE ASSESSMENT

Figure 5-3 presents the 1%, 2" and 3™ vibration modes and their respective frequencies and
periods of each type of structure. The 10-storey MRF structures and 10-15-20-storey wall
structures behave similarly in natural periods. However, the 5-storey MRF and wall structures
exhibit higher fundamental frequencies than the other configurations, notably the 5-storey wall
structures.
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Figure 5-3: Natural frequencies: (a) MRF structures; (b) RC wall structures

Figure 5-4 presents the capacity curves of all studied structures with highlighted damage
limitation, significant damage and near collapse limit states. Figure 5-5 shows the critical points
of each capacity curve compared to the correspondent base shear (Figure 5-5a for MRF
structures and Figure 5-5¢ for wall structures) and displacement (Figure 5-5b for MRF
structures and Figure 5-5d for wall structures).
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Figure 5-4: Capacity curves: (a) 5-storey MRF structures; (b) 10-storey MRF
structures; (c) 5-storey wall structures; (d) 10-storey wall structures; (e) 15-storey
wall structures and (f) 20-storey wall structures
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Figure 5-5: Critical points of capacity curves: (a) Base shear - MRF structures; (b)
Displacement - MRF structures; (c) Base shear - Wall structures; (d) Displacement -
Wall structures
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Figure 5-5: Cont.

From Figures 5-4 and 5-5, it can be concluded that:

1.

For frame structures, comparing regular structures in each height, the maximum
base shear shifts between 11.4%-17.8% for regular structures and between 20.7%-
44.2% for irregular structures. For wall structures, the variation is, for regular
structures, between 13.9%-25.8% and 10.5%-47.9% for the irregular ones. Similar
behaviour occurs for the damage limitation, significant limit and near collapse
base shear limits;

Regarding the displacement, the first yield and first shear capacity limits occur
closely in all assessed structures. However, looking at the base shear parameter,
this behaviour does not occur in 5-storey wall structures with 4.0 m, 4.5 m and 5.0
m of height on the ground floor and 10-storey wall structures with 4.5m and 5.5m
on the first floor;

Regarding Figures 5-5a and 5-5c, it is clear the decreasing tendency of the
occurrence of first crush uncover, first chord rotation capacity, first crush
confinement and also the damage limitation, significant damage and near collapse
limits in comparison to the increase of height of the ground floor, which means
the increase of the irregularity level;

The near collapse limit occurs for FRSSH5.5q3,12, FR10SHS5.593,12, and 5, 10
and 15-storey wall structures after the first chord rotation capacity occurrence. For
the other models, this limit occurs before any structural element reaches its chord
rotation capacity;

There is no observed crush confinement in frame structures, except
FR10SHS5.0qg3,12, which presents this phenomenon in one beam and one column
of the last floor. All wall structures, on the other hand, present at least one
structural element, namely beams or/and shear walls, with crush confinement;

Comparing the discussion performed above with the lateral stiffness of each
model demonstrated in Figure 5-2, there are different levels of irregularity
regarding maximum base shear. A few models with maximum lateral stiffness
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shifts slightly higher than 30% demonstrate structural behaviour in all assessed
parameters similar to regular models.

Figures 5-6 and 5-7 present, respectively, the inter-storey drifts and global drifts of all
studied structures in significant level limit. The reference point of displacement was the centre

of mass in each storey.
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Figure 5-6: Inter-storey drifts: (a) 5-storey MRF structures; (b) 10-storey MRF
structures; (¢) S-storey wall structures; (d) 10-storey wall structures; (¢) 15-storey
wall structures and (f) 20-storey wall structures



Chapter 5 Vertical irregularity in RC MRF and wall structures: Evaluation and proposal of irregularity levels
and impacts on behaviour factor
(@)
5 T T T ——————— 10 r T r
—m— FR5SH3.093,9 —e— FR10SH3.0q3,12
—+—FR55H3.5q3,9 94 —O—FR10SH3.5q3,9
—— FR5SH4.093,12 — FR10SH4.03,9
41 —=— FR55H4.5q3,12] | 81 —&— FR10SH4.5q3,12
FR5SH5.043,12 7 | FR10SH5.0q3,12
—— FR5SH5.5q3,12 —0— FR10SH5.5q3,12
>~3‘ >
o o
2 2
®, | ’ L 7]
14 Jl %
0 T T T — T T
0.0% 0.2% 04% 06% 08% 1.0% 1.2% 14% 1.6%
Global drift (%) Global drift (%)
(© (d)
5 T T T ——— 10 T — T
—=— WA5SH3.003,0 {
—— WA5SH3.543,0 9 ( —C— WA10SH3.5¢3,0 1
4 —#— WA55H4.003.0 8 —i—WA10SH4.0q2,4
iy fir “'Z‘m:g:;-ggi!:" T WA10SH4.5q2,4]
e J | WA10SH5.092,4 |
‘ —3— WASSHS.5q2.4 7 | —— WA10SH5.5G2,4
.31 P e o
o o
<) L S 57
Z i | B, |
3 | ,
14 ol i 2 ]
1 C 1
0 ]T I 0 I7]
00% 02% 04% 06% 08% 10% 12% 14% 1.6% 0.0% 0.2% 04% 06% 0.8% 10% 1.2% 1.4% 1.6%
Global drift (%) Global drift (%)
(e )
15 T T T T T - 20 T T T —
14 —— WA155H3.003,0/ 19 —*— WA20SH3.093,01
134 —C—WA15SH3.503,0 | 184 —i— WA20SH3.5q2,4{
12 — WA155H4.0g2,4 ﬂlg' i WA20SH4.0q2,41
1 —8— WA155H4.5q2,4 | 18] |—3%— WA20SH4.5¢2,4]]
114 WA15SHS.02,4/] 14 | | WA20SH5.0q2,4[]
1(9] R —)—WA15S8H5.5q2,4/ 1% b (—e— WA20SH5.5¢2
5 8- 101 A
o 74 8 18: 1
o ] [75] ? ]
5 J ]
6A 4
44 8 5 ]
3 . 4] .
1 % 1 2] ]
P D o) N S N vl e s s S
0.0% 0.2% 04% 06% 08% 1.0% 1.2% 14% 1.6% 0.0% 0.2% 04% 06% 08% 1.0% 1.2% 14% 1.6%

Global drift (%)

Global drift (%)

Figure 5-7: Global drifts: (a) 5-storey MRF structures; (b) 10-storey MRF
structures; (¢) 5-storey wall structures; (d) 10-storey wall structures; (¢) 15-storey
wall structures and (f) 20-storey wall structures

From those, it can draw several conclusions:

1. Considering the variation of ground floor height, the maximum inter-storey drifts
observed for 5 and 10-storey MRF structures were 1.48% and 1.28%, respectively,
in irregular structures. For wall structures 5-10-15-20 storeys, the following
values were seen: 0.90%, 0.93%, 0.71% and 0.52%. The maximum inter-storey
drift in wall structures does not shift significantly;
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2. When compared to regular and irregular structures in each model type, it can be
drawn that, for MRF structures, the 5-10 storeys shift of maximum inter-storey
drift is 44.7% and 26.7%. For wall structures, the values are 8.8%, 10.1%, 3.9%
and 8.8%, respectively. As expected, the wall structure has less variation in that
behaviour in comparison to frame structures;

3. Analogously to the discussion in (1), the maximum global drift observed for MRF
structures were 1.48% and 1.28%, both in irregular structures. For wall structures
5-10-15-20 storeys, the following values were seen: 0.80%, 0.83%, 0.63% and
0.48%. The maximum global drift in wall structures does not shift significantly,
similar to the inter-storey drift behaviour discussed in (1). Furthermore, those
maximum values were observed in irregular structures, except for 5-20 storey wall
structures;

4. Observing regular and irregular structures, as done in (2), it can be drawn that, for
MREF structures, the 5-10 storeys shift of maximum global drift is, respectively,
70.5% and 41.7%. The values for wall structures are 5.6%, 12.7%, 3.0% and 8.3%,
respectively.

Figures 5-8 and 5-9 show, in significant damage and near collapse levels, chord rotation
performance of columns, shear walls and beams of each structure, shear capacity of columns
and shear walls and the percentage of collapsed beams due to shear capacity.
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Figure 5-8: Columns/Shear walls chord rotation and shear performance (Significant
damage and near collapse levels): (a) MRF structures and (b) wall structures
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Figure 5-9: Beams chord rotation and shear performance (Significant damage and

near collapse levels): (a) MRF structures and (b) wall structures

From Figures 5-8 and 5-9, several considerations can be made as follows:
1.

As preconized in the design, all structures align with capacity design principles
by allowing beams to yield before the columns and shear walls under seismic
conditions. Nonlinear analysis demonstrates that beams are the first to develop
plastic hinges before columns and the first to reach the rupture due to the plastic
hinges;

At a significant damage level, all structures have no collapsed columns and shear
walls due to chord rotation. However, there are failures in the second-floor shear
walls due to shear force in SW20SH3.0q3,0 and SW20SH3.5q2.4 structures. For
beams, considerable quantity of beams collapses due to shear forces;

At near collapse level, most of the beams collapse due to shear forces; lower,
however significant percentage of the beams also presents failure because of
chord rotation. For vertical elements, it can be observed that there are collapsed
columns by chord rotation capacity in FRSSH(5.0-5.5)q3,12, FR10SH(5.0-
5.5)q3,12 structures. There are 3, 5, 4 and 10 collapsed columns, all in first
storey. Regarding shear capacity of columns and shear walls, there is collapse
of the shear wall by shear capacity of third floor in SW5SH(3.0-3.5)q3,0 and
SW5SH4.0g2,4 models; in second storey in SW5SH(4.5-5.5)q2,4 and
SW20SH(4.0-5.5)q2,4 structures; in second and third floor in SW20SH3.0q3,0
and SW20SH3.5g2,4 models.

5.5.2 BEHAVIOUR FACTOR ANALYSIS AND PROPOSAL

Table 5-3 shows the nonlinear analysis parameters for computing the behaviour factor values
and its components. Figure 5-10 shows, for each model (5-10 storey MRF building and 5-10-
15-20 storey wall building), the results of g, g5 and qp calculated with the data presented in
Table 5-3. Figure 5-11 presents the comparison of the behaviour factor considered in the design
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of the structures, based on the EN 1998-1:2004 [1], the behaviour factor prescribed in the prEN
1998-1-2:2024 [3], and the lateral stiffness shift in X-axis and Y-axis of each designed structure.
Figure 12 demonstrates the percentual shift of those behaviour factors compared to the regular
structure of each building typology.

Table 5-3: Nonlinear analysis parameters for behaviour factor components

v, d, v, d, d vV, d,

Structure | ) (m) (kN) (m) (m) (kN) (m)
FR5SH3.093.9 2450.0 0.036 3705.1 0.066 0.087 5727.7 0.193
FR5SH3.5q3,9 2359.5 0.037 3315.5 0.062 0.091 5072.4 0.267
FR5SH4.0q3,12 2032.9 0.032 3157.4 0.064 0.093 45435 0.224
FR5SH4.5q3,12 1877.2 0.033 2750.8 0.059 0.096 4008.0 0.198
FR5SHS.0q3,12 1520.9 0.027 2539.7 0.061 0.100 3561.9 0.184
FR5SHS.5q3,12 1387.9 0.028 2321.2 0.062 0.105 3195.9 0.175
FR10SH3.0q3,12 3137.0 0.084 4484.8 0.132 0.170 8428.7 0.600
FR10SH3.5q3,9 3477.5 0.098 4392.6 0.134 0.166 7153.1 0.464
FR10SH4.0q3,9 3434.8 0.099 4257.6 0.136 0.167 6338.6 0.446
FR10SH4.5q3,12 3028.4 0.088 3830.1 0.126 0.170 5681.3 0.403
FR10SH5.0q3,12 2637.3 0.077 3627.0 0.128 0.172 51114 0.358
FR10SH5.5q3,12 2517.8 0.078 3430.2 0.130 0.176 4632.8 0.325
SW5SH3.0q3,0 5659.0 0.036 4976.1 0.018 0.078 11723.2 0.300
SW5SH3.5q3,0 4863.5 0.037 4654.3 0.019 0.088 10085.5 0.310
SW5SH4.0q3,0 4980.6 0.032 4227.1 0.019 0.097 8693.4 0.320
SW5SH4.5q2.4 5005.5 0.040 3825.1 0.020 0.099 7821.9 0.330
SW5SHS5.0q2,4 4698.3 0.034 3705.1 0.020 0.097 7158.4 0.340
SW5SHS5.5q2.4 4641.9 0.035 4267.1 0.028 0.084 6514.8 0.126
SW10SH3.0q3,0 6737.3 0.120 5581.3 0.060 0.168 14073.2 0.600
SW10SH3.5q3,0 5554.1 0.110 5442 .4 0.061 0.179 12110.2 0.610
SW10SH4.0q2,4 5497.1 0.099 5213.6 0.062 0.186 10498.1 0.620
SW10SH4.5q2,4 5462.3 0.088 4316.6 0.050 0.197 9211.5 0.630
SW10SH5.0q2,4 5584.5 0.090 4867.1 0.064 0.193 8174.4 0.640
SW10SH5.5q2,4 5534.1 0.091 3883.7 0.052 0.191 7326.3 0.598
SW15SH3.0g3,0 8753.1 0.162 8243.2 0.108 0.214 16519.5 0.900
SWI15SH3.5q3,0 7418.4 0.164 6319.9 0.091 0.214 14032.2 0.892
SW15SH4.0g2,4 7187.8 0.166 6110.5 0.092 0.214 12117.0 0.754
SWI15SH4.5q2,4 7080.1 0.149 5897.9 0.093 0.214 10737.2 0.670
SWI15SHS5.0g2,4 7156.7 0.150 5631.8 0.094 0.214 9704.6 0.620
SWI15SH5.5q2,4 7122.7 0.152 5402.6 0.095 0.214 9108.7 0.475
SW20SH3.0qg3,0 10461.3 0.216 8972.4 0.144 0.220 16776.0 1.200
SW20SH3.5q2,4 10346.8 0.218 8678.8 0.145 0.220 15006.2 0.895
SW20SH4.0q2,4 10071.9 0.195 8521.3 0.146 0.220 13095.9 0.854
SW20SH4.5q2,4 9771.6 0.197 8201.0 0.189 0.220 11828.9 0.763
SW20SH5.0q2,4 9097.9 0.174 7999.2 0.149 0.220 11329.5 0.620
SW20SH5.5q2,4 8828.9 0.175 7892.8 0.150 0.220 11306.3 0.525
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Figure 5-10: Behaviour factor components: (a) 5-storey MRF structures; (b) 10-
storey MRF structures; (¢) 5-storey wall structures; (d) 10-storey wall structures; (e)
15-storey wall structures and (f) 20-storey wall structures
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Figure 5-11: Behaviour factor (EC8 and prEC8) comparison with lateral stiffness:
(a) 5-storey MREF structures; (b) 10-storey MRF structures; (c) 5-storey wall
structures; (d) 10-storey wall structures; (e) 15-storey wall structures and (f) 20-
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Figure 5-12: Behaviour factor (design and prECS8) comparison with lateral stiffness:
(a) 5-storey MREF structures; (b) 10-storey MRF structures; (c) 5-storey wall
structures; (d) 10-storey wall structures; (e) 15-storey wall structures and (f) 20-

storey wall structures

From Table 5-3, Figures 5-10, 5-11 and 5-12, it can be inferred that::

1.

The behaviour factor component accounting for the overstrength, qp and gs,
exhibits specific ranges, respectively, 1.35-2.52 and 0.70-1.67. Despite the

increase in irregularity, those parameters
compared to each structural typology;

do not have a considerable shift when
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For deformation and energy dissipation capacity (qp), on the other hand,
presents a broader shift, especially in the SW20SH3.0g2,4. That structure is
slightly irregular; however, because of that classification, the structure needed
to be more reinforced, causing probably this effect of more deformation and
energy dissipation;

The behaviour factor values determined according to the second generation of
Eurocode 8 are substantially higher than what was considered in the design. A
similar tendency can be observed in Maranhao et al. [5], Louzai et al. [25] and
Ferraioli [26]. That fact and the aforementioned studies demonstrate that the
prEN 1998-1-2:2024 is conservative;

Maranhao et al. [5] demonstrated that the structural height increase reduces the
behaviour factor. However, the increment of maximum lateral stiffness shift
between storeys, due to the imposition of the highest vertical irregularity,
reduces significantly the decrease of behaviour factor;

Observing the structural typology separately (5 and 10-storey MRF and 5,10,15,
and 20-storey wall structure), when irregularity in elevation increases, it can be
observed the reduction tendency of the behaviour factor in all typologies;
Comparing the behaviour factor of irregular structures of first and second
generations of Eurocode 8, the MRF structures present similarity in both
approaches, except structures FR10SH3.0g3,12 and FR10SH5.5q3,12. For wall
structures, on the other hand, the shift of behaviour factor from the prEN 1998-
1-2:2024 [3] was higher than the observed in the EN 1998-1:2004 [1]. The
FR10SH3.0qg3,12 equivalent behaviour factor can be explained by the fact of
that structure been slightly irregular. It was reinforced, considering this
irregularity, however, it behaves similarly to regular structures. Considering that
aspect, this behaviour was expected.

Figure 5-13 demonstrates the correlation between the prEN 1998-1-2:2024 behaviour
factor and the X-axis's maximum shift of inter-storey lateral stiffness in frame and wall
structures. It is essential to highlight that this comparison has no significant change, regardless
of the orthogonal axis of assessed lateral stiffness variation.
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Figure 5-13: prECS8 behaviour factor comparison with maximum lateral stiffness

shift: (a) MRF structures; (b) wall structures; (c) MRF and wall structures
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From Figure 5-13, it can be concluded that:

1. Figures 5-13a and 5-13b demonstrate a clear tendency to decrease the behaviour
factor when the maximum inter-storey lateral stiffness shift increases;

2. From Figure 5-13c, it is clear that different levels of imposed vertical irregularity
generate distinct reductions in behaviour factor;

3. Considering that this work concentrates on irregularity in elevation imposed by
shifts of lateral stiffnesses, therefore the limitation of this research, it can be
proposed to Eurocode 8, as happens in other seismic codes, levels of irregularity:
irregular and strongly irregular structures;

4. Observing the results in Figure 5-13c, considering also the limit of inter-storey
lateral stiffness shift of 60% that occurs in buildings with 4.0 m of ground floor
height, a reasonable elevation limit:

a. The lateral stiffness shift to an irregular structure should be between 30%
and 60%. For values above 60%, a structure shall be considered strongly
irregular;

b. The irregular structures should keep reduction factors at 20%, and highly
irregular structures shall have 30% reduction factors, as observed in
Mexican [27,28] and North American seismic codes [29].

5.6 SUMMARY AND CONCLUSIONS

This study assessed MRF and wall regular and irregular in elevation structures with inter-storey
lateral stiffness shift as the control variable, conducting a comprehensive analysis of their
effects on seismic responses. Additionally, it was analyzed the behaviour factor calculation
methodology of the first and second generations of Eurocode 8 [1,3] by the comparison of the
defined (q) in the structural design as preconized by the current EC8 [1] and the same variable
verified in nonlinear analysis, considering the prEN 1998-1-2:2024 [3].

Therefore, the following main conclusions can be drawn:

1. As expected, the increment of vertical irregularity decreases the maximum base
shear and the base shear of damage limitation, significant damage and near
collapse levels;
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2. The maximum inter-storey and global drift in wall structures does not shift
significantly. However, the opposite behaviour is observed in frame structures.
Comparing regular and irregular elevation structures, the irregular frame ones
demonstrate the worst behaviour regarding maximum inter-storey drift. On the
other hand, for wall structures, those differences are not discernible;

3. Models classified as irregular by the criterium of shift slightly above 30% of the
maximum lateral stiffness shift present structural response parameters close to
regular structures;

4. There is a trend of reduction, in different levels, in behaviour factor as the
maximum inter-storey lateral stiffness shift increases, hence the elevation
irregularity increment;

5. This study proposes a classification of regular, irregular and strongly irregular
structures. It is suggested that the lateral stiffness shift to an irregular structure
should be between 30% and 60%. For strongly irregular structures, this value shall
be above 60%. Additionally, a reduction of 20% of (q) for irregular structures and
30% for strongly irregular ones is recommended, as can be seen in Mexican [27,28]
and North American seismic codes [29].

It is essential to highlight that the conclusions addressed here were delimitated to RC
structures with concrete grade C30/37, steel grade B500, and specific plan and height
configurations. Hence, validation across different structures persists.
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5.8 NOMENCLATURE

Jem
Sym
AK,

AK,

DCM

DL, SD, NC
MRF

q

qr > qs

e

c

Design ground acceleration

The displacement correspondent to the V, measured at the buildings” rooftop

The displacement correspondent to the V;

The displacement correspondent to the V,

The displacement at yield

Mean characteristic compressive strength

Mean yield strength

Lateral stiffness shift between storeys in X-axis

Lateral stiffness shift between storeys in Y-axis

Ductility class medium

Limit states: Damage limitation, significant damage and near collapse, respectively
Moment-resisting frames

Behaviour factor

Behaviour factor component: consider overstrength of structure due to, respectively, redistribution of
action effects in redundant structural systems and all other sources

Behaviour factor component: consider the deformation and energy dissipation capacity
Soil factor

The horizontal shear force obtained from the elastic analysis, considering a design spectrum reduced
by the behaviour factor

The horizontal base shear force when the first plastic hinge is observed

The horizontal shear force at the global plastic mechanism formation
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6 \Vertical irregularity and seismic response assessment of
existing RC buildings: Case studies

Santos, D.; Melo, J.; Varum, V. (submitted in press) Vertical irregularity in existing RC
buildings: Seismic codes criteria evaluation and impact on seismic behaviour.

6.1 ABSTRACT

Several seismic events have provided crucial lessons on proper and improper earthquake
resisting construction. Despite the design procedures having different approaches regarding
irregularities assessment due to regional differences, structural engineers can learn much by
studying those procedures in construction materials, techniques and structural design. This
study aims to contribute to the field by performing the analysis of several existing buildings
regarding vertical irregularity criteria from different seismic codes and their seismic response.
The structural response was carried out through adaptative pushover analysis performed in the
SeismoStruct v2025. The results were compared to evaluate the influence of irregularity in
elevation classification, seismic standard considered in the design and differences in structural
properties. The study outcomes revealed that despite the differences in vertical irregularity
criteria, the classification of the assessed structures was similar throughout all analysed seismic
codes. Additionally, it was observed the impact of seismic design consideration or not in
structural response in capacity curves, inter-storey and global drifts. Finally, the results
demonstrate the importance of seismic design to better structural behaviour.

6.2 INTRODUCTION

Several seismic events, such as the Kahramanmaras earthquake (Tiirkiye) [1,2], Sichuan (China)
[3,4], L’Aquila (Italy) [5], Lorca (Spain) [6], Emilia (Italy) [7-9], Gorkha (Nepal) [10-12],
Puebla (Mexico) [13], have provided crucial lessons on proper and improper earthquake
resisting construction [5,14,15]. In regions that have long been inhabited and subjected to
relatively frequent firm ground shaking, seismic design procedures have evolved, resulting in
moderately good performance of engineered structures.

Nonetheless the design procedures have different approaches regarding irregularities
assessment due to regional differences, as demonstrated in the vertical irregularities comparison
throughout several seismic codes performed by Santos et al. [16], structural engineers can learn
much by studying those procedures in construction materials, techniques and structural design
[17].

Considering this scenario, this study aims to contribute to the field by performing the
numerical analysis of several existing buildings regarding vertical irregularities criteria from
different seismic codes and their seismic response. Hence, the objectives of this study are:

1. Perform the vertical irregularity classification of 16 existing buildings,
considering the EN 1998-1:2004 [18] and prEN 1998-1-2:2024 [19];

2. Compare the irregularity classification of those structures with the following
codes: NBR 15421:2023 (Brazil) [20], NTC-RSEE [21] and MOC-2015 [22]
(Mexico), ASCE/SEI7-22 (USA) [23] and NZS 1170.5 [24] (New Zealand);
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3. Analysis of the seismic response of 4 of assessed existing buildings, considering
different plan and vertical geometries, ductility classification, concrete and
rebars properties and the seismic load consideration in the design. The
assessment was carried out through adaptative pushover analysis performed in
the SeismoStruct v2025 [25,26]. The capacity curves, performance points, inter-
storey and global drift profile were discussed and compared.

The relevance of this work is contained in the analysis of several existing buildings from
different places, with distinct structural characteristics. For that, it was considered the aspect of
irregularity in elevation and its criteria throughout several standards and seismic response
comparison from those structures with and without seismic design.

6.3 ADOPTED CONVENTIONS AND SIMPLIFICATIONS

All classifications and assessments will be carried out according to the two main orthogonal
directions (X and Y), following the axes of each project. The areas considered in the study are
the real areas of the pavement, considering not only the surroundings of the resistant vertical
elements, but also the cantilever regions.

The height of the building corresponds to the difference in heights between the highest
point of the building structure and the one on the ground floor, referred to as floor 0. The ceiling
height is the difference in heights between the lower face of the slab ceiling and the upper
surface of the floor, in rough.

For mass purposes, the floor area and the mass are those of the floor immediately above,
that is, when analysing floor 1, the data relating to the vertical elements that will influence
stiffness will be those of floor 1, but for the slab corresponding to that floor will be the floor
slab of floor 2. The masses of the floors were calculated according to EN 1990:2002 [27],
according to the type of use of the building, whether commercial, residential, etc.

In this study, it will be focused on irregularity in elevation. For the criteria of classification
of this irregularity:

1. Lateral stiffness shift between storeys: EN 1998-1:2004 [18] does not quantify
this criterion, however, in the draft version, the standard specifies that these
reductions must not exceed 30% in relation to the below and above floor;

2. Mass variation: EN 1998-1:2004 [18] specifies that the mass of each storey
remain constant or gradually decrease. In the other hand, prEN 1998-1-2:2024
[19] prescribes that the mass of a given floor should not varies more than 150%
of a consecutive storey;

3. Ratio of actual storey resistance to the resistance required by the analysis: prEN
1998-1-2:2024 [19] defines that this parameter should not shift more than 30%
between consecutive floors, with exception to the top storey;

4. Setbacks: The setbacks will be analysed considering the criteria established in
EN 1998-1 [18], according to the type of setback presented, for each orthogonal,
X and Y direction. According to EN 1998-1:2004 [18], each setback type has a
tolerance limit to be considered;
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5. Lateral actions resistant system continuity: It was also observed if the systems
resistant to lateral actions are continuous from the foundation to the top, without
any interruption, as defined by EN 1998-1:2004 [18] and prEN 1998-1-2:2024
[19].

6.4 IRREGULARITY IN ELEVATION ASSESSMENT IN EXISTING BUILDINGS
6.4.1 BUILDINGS CHARACTERIZATION

It has been performed an assessment of 16 buildings from different parts of Portugal (building
adopted nomenclature ED-01 to ED-14) and Spain (ED-15 and ED-16), with different heights,
seismic design considerations geometries, among other characteristics. The geometrical and
structural aspects of each building were, respectively, presented in Table 1. Table 2 demonstrate
the seismic design considerations to design, namely the seismic code considered in the
structural design; seismic zone, ductility class, importance class and behaviour factor
established to each building. Each parameter is defined as follows:

1. Seismic zone: Dependent on local hazard, the zones are defined by respective
national authorities, and prescribed in the seismic code;

2. Ductility class: The classification of seismic-resistant structures based on their
capacity to undergo inelastic deformations without significant loss of strength,
reflecting how well a structure can dissipate seismic energy through controlled
damage mechanisms;

3. Importance class: Building classification is based on the potential consequences
of structural collapse, considering risks to human life, public safety, and civil
protection in the immediate aftermath of an earthquake, as well as the broader
social and economic impacts.

Figure 1 demonstrates images of each studied structure.

Table 6-1: Buildings geometrical characteristics

Inter- Inter-
storey storey
height height

Number
Year Height of floors Number of

Building of the above above underground Slab type Geometry
. of of
project ground the floors .
round ground typical
g floor  floor
ED-01 2019 13.8m 4 2 42m 2.8m Flat slab Rectangular
ED-02 2018 203 m 6 1 48m 2.8m Flat slab Irregular
Rectangular
in floors 0
and 1
ED-03 2018 19.8m 6 2 42m 2.8m Flat slab .
Irregular in
subsequent
floors
ED-04 2021 428 m 9 3 6.lm 42m Solid slab Rectangular
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Table 6-1: Cont.

Inter- Inter-
Number storey store
Year Height of floors Number of hei h); hei h);
Building ofthe above above underground ng ng Slab type Geometry
project ground the floors .
ground ground typical
floor  floor
Rectangular
in floors 0
. and 1
ED-05 2018 29.6m 9 2 38m 2.8m Solid slab .
Irregular in
subsequent
floors
ED-06 2018 363 m 12 4 39m  3.0m Flat slab L shape
ED-07 2018 245m 8 4 38m 3.0m Flat slab L shape
ED-08 2019 31.0m 10 2 25m 25m Flat slab Rectangular
ED-09 2019 272m 2 37m  29m Flat slab Rectangular
ED-10 2020 46.5m 1 7.5m 39m Flat slab Rectangular
ED-11 2018 429m 3 57m 3.6m Flat slab Rectangular
ED-12 2019 324 m 10 4 35m  2.8m Flat slab Rectangular
ED-13 2019 30.0m 9 3 28m 2.8m Flat slab Rectangular
ED-14 2007 15.1m 0 46m 3.5m Two-way ribbed slab Rectangular
ED-15 1966 11.1m 4 0 26m 2.5m One-way ribbed slab H shape
ED-16 1966 33.1m 11 0 26m 25m One-way ribbed slab H shape
Table 6-2: Seismic design parameters
- c . S - Importance Behaviour
Building Seismic code Seismic zones  Ductility class .
class coefficient
ED-01 EN 1998-1 [18] 1.6 and 2.4 DCM 11 2.5
ED-02 EN 1998-1 [18] 1.6 and 2.4 DCM 11 2.5
ED-03 EN 1998-1 [18] 1.6 and 2.4 DCM 11 2.5
ED-04 EN 1998-1 [18] 1.6 and 2.4 DCM 11 2.5
ED-05 EN 1998-1 [18] NI NI NI NI
ED-06 EN 1998-1 [18] 1.3and 2.3 DCM 1I 2.4
ED-07 EN 1998-1 [18] 1.3and 2.3 DCM 11 3.0
ED-08 EN 1998-1 [18] 1.6 and 2.5 DCL 11 1.5
ED-09 EN 1998-1 [18] 1.6 and 2.5 DCL 1I 1.5
ED-10 RSA [28]/REBAP [29] D NI NI NI
ED-11 EN 1998-1 [18] 1.6 and 2.5 DCL 1I 1.5
ED-12 RSA [28]/REBAP [29] A NI NI 1.5
ED-13 RSA [28]/REBAP [29] A NI NI 1.5
ED-14 RSA [28]/REBAP [29] D NI NI 2.5
ED-15 NSD NSD NSD NSD NSD
ED-16 NSD NSD NSD NSD NSD

NI: Not informed | NSD: No seismic design

6-4
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Figure 6-1: Global view of the assessed buildings

6.4.2 IRREGULARITY IN ELEVATION CRITERIA

As described in topic 6.3, to each assessed structure, it has been carried out an analysis of lateral
stiffness and mass shift, setbacks and the systems resistant to lateral actions continuity from the
foundation to the top. For ratio of actual storey resistance to the resistance required by the
analysis criterium, it was considered that the resistance of storey is proportional to the inertia
of vertical elements of each floor, such as columns, shear walls, among others. Considering that
these inertias was took in account in the lateral stiffness calculus, as demonstrated below, this
criterium is covered in this analysis indirectly.

For lateral stiffness variation, it has been considered in calculus of that parameter the
lateral stiffness (K, and K )of vertical elements (columns and shear walls). It contemplated all

vertical elements elasticity modulus (E.,), inertia (I, and I,,) and height (H, and Hy) of each
accessed floor, as described in the following equations:
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. - (Z”: 12*Ecm ) (Z”: 12*Ecm* x) 0

c=1 s=1

n n
12+ E., *1 12+ E. %1
Ky=<§ — y€>+<§—”§ y5> )
H, Hy

c=1 s=1

For the resistance criterium, it was assumed, that the strength would be proportional to
the ratio of the inertias of the vertical elements on each floor. Hence, this parameter was
assessed indirectly in the analysis of lateral stiffness shift.

The setbacks were considered in both directions. Despite the prEN 1998-1-2:2024 [19]
does not present this criterium for the vertical irregularity classification, this parameter was
considered according to EN 1998-1:2004 [18]. This code establish that each type of setbacks
has a limit to be considered. Finally, it was also considered the continuity of resistant system
throughout the structure and the irregularity caused by the asymmetrical distribution of infill
walls.

6.4.3 BUILDINGS VERTICAL IRREGULARITY ASSESSMENT ACCORDING TO EN 1998-1:2004 AND PREN
1998-1-2:2024

Figure 6-2 presents the criteria of lateral stiffness and mass inter-storey shift assessment of the
existing buildings analysed. Table 6-3 demonstrated the verification of setback criteria
according to EN 1998-1:2004 [18] in each structure. Finally, Table 6-4 shows all the assessed
criteria, including the continuity of resisting system and the classification of irregularity in
elevation according to EN 1998-1:2004 [18] and prEN 1998-1-2:2024 [19]. From them it can
be drawn:

1. Regarding lateral stiffness and mass inter-storey shift, EN 1998-1:2004 [18]
describes those criteria qualitatively, without any numerical comparison
methodology. For this study, it was considered the limits established by prEN
1998-1-2:2024 [19] (30% and 150% of inter-storey lateral stiffness and inter-
storey mass shift, respectively). From those considerations, all structures
fulfilled the mass variation criterium. However, for the lateral stiffness
parameter, with exception to structures ED-08, ED-14 and ED-15, the structures
do not comply with the limit established by prEN 1998-1-2:2024 [19];

2. For setbacks analysis, only ED-07, ED-08, ED-10, ED-14, ED-15 and ED-16
comply the EN 1998-1:2004 [18] limits. It is important to highlight that, despite
prEN 1998-1-2:2024 [19] does not refer to that criterium, it has been considered
in the irregularity classification;

3. From Table 6-4, regarding the continuity of resisting system, ED-03, ED-04,
ED-05, ED-08, ED-10, ED-15 and ED-16 present discontinuity in ground floor,
not fulfilling this criterium;

4. Finally, the classification of vertical irregularity presented in Table 4,
demonstrates that only ED-08, ED-15 and ED-16 are regular structures. Even
though the differences in criteria assessment between EN 1998-1:2004 [18] and
prEN 1998-1-2:2024 [19], the fact that if only one of those aspects were not
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complied, the structure should be classified as irregular, the final classification
are the same for both codes.
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Figure 6-2: Irregularity in elevation criterium: Lateral stiffness and mass inter-storey shift
according to prEN1998-1-2:2024 [19]
Table 6-3: Setback verification according to EN 1998-1:2004 [18]
Gradual Slngle setback Sum of the setbacks
setbacks within the lower s .
o . ial 15% of the total non symmetrical in  Each setback . .

Building Preserving axia oot both directions Verification

symmetry height

X Y X Y X Y X Y
ED-01 NE NE 6.6% 26.4% NE NE NE NE X
ED-02 NE NE 16.1% 22.2% NE NE NE NE X
ED-03 NE NE 40.4% 8.5% NE NE NE NE X
ED-04 NE NE 15.9% 24.9% NE NE NE NE X
ED-05 NE NE NE NE 52.0% 33.3% NE NE X
ED-06 NE NE NE NE 72.0% NE 72.0% NE X
ED-07  NE NE NE NE NE NE NE NE v’
ED-08  NE NE NE NE NE NE NE NE v’
ED-09 NE NE NE NE 4.0% 71.0% 4.0% 46.0% X
ED-10  NE NE NE NE 4.0% 7.0% 4.0% 7.0% v
ED-11  16.0% 25.0% NE NE NE NE NE NE X
ED-12 NE NE NE NE NE 16.0% NE 16.0% X
ED-13 NE NE NE NE NE NE 46.0% 34.0% X
ED-14 NE NE NE NE NE NE NE NE \
ED-15 NE NE NE NE NE NE NE NE \
ED-16 NE NE NE NE NE NE NE NE \

NE: Not existing | \ — Regular criterium | X — Irregular criterium
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Table 6-4: Vertical irregularity classification according to EN 1998-1:2004 [18] and
prEN1998-1-2:2024 [19]

Vertical — N o < w o o~ ® =N = — o~ o <t v N-)

; i $ $ £ 2 £ £ 8 ¢ § 7 722 2 ¢ 3 7
irregularity a a a a = = = = a a a a = = = =
criteria = = = = = = = = = = = = = = = =
Inter-storey lateral X X X X X X X Y X X X X X x A N

stiffness shift

Inter-storey mass | | | | | [ | | | | | | | | |
shift

Setbacks X X X X X X v N x VX X X N N A

Continuity of
resisting system

Regularity in
elevation I I I I I | | R I I I I I I R R
classification

\/ — Regular criterium | X — Irregular criterium. | R — Regular | I — Irregular

6.4.4 VERIFICATION OF REGULARITY IN ELEVATION ACCORDING TO OTHERS SEISMIC CODES
6.4.4.1 NBR 15421:2023 (BRAZIL)

NBR 15421:2023 [20] establishes that, to a structure be considered irregular, at least one of the
two criteria presented above must not be fulfilled:

1. Discontinuities in the vertical seismic resistance path, such as consecutive
vertical resistance elements in the same plane but with axes greater than their
length apart, or when resistance between consecutive elements is greater in the
upper element;

2. Characterization of an “extremely weak pavement”, as one in which its lateral
resistance is less than 65% of the resistance of the pavement immediately above.
The lateral resistance is computed as the total resistance of all earthquake-
resistant elements present in the considered direction.

The assessed buildings vertical irregularity verification regarding NBR 15421:2023 [20]
criteria is presented in Table 6-5. Despite the differences of vertical irregularity criteria between
EN 1991-1:2002 [18], prEN 19981-2:2024 [19] and NBR 15421:2023 [20], all the structures

are classified similarly in each code.

6-8
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Table 6-5: Criteria for regularity in elevation according to NBR 15421:2023 [20]
el Z 2z 2 g 2 E g2 2 oz oo ozo3oeos
irregularity /B A /A A A A A /A A A A A B A a8 #~
criteria = = = = = = = = = = = = = = = =
Discontinuities in
the vertical | | | |
X X N N N X X X Al X X X X W A\l

seismic resistance

path

Characterization
of an “extremely
weak pavement” X X X X X X X \ X X X X X X N \
(lateral stiffness

shift)

Regularity in

elevation

| | | | I I I R I I I | I I R R

classification

\/ — Regular criterium | X — Irregular criterium | R — Regular | I — Irregular

6.4.4.2 NTC-RSEE AND MOC-2015 (MEXICO)

NTC-RSEE [21] and MOC-2015 [22] classifies the building structures as regular, irregular and
strongly irregular, without distinction in criteria of irregularity in plan and in elevation.

A structure is classified as irregular when it does not satisfy until three of the requirements
indicated below:

1.

The distribution in plan of the mass, walls and other resistant elements of the
building must be symmetrical with respect to two orthogonal axes;

The ratio of elevation and smallest dimension in plan cannot be greater than 4.0 for
NTC-RSEE [21] and 2.5 for MOC-2015 [22];

The ratio between the length and width of the base cannot exceed 4.0 for NTC-RSEE
[21] and 2.5 for MOC-2015 [22];

Existing setbacks and overhangs cannot exceed 20% of the dimension in plan,
measured parallel to the direction in which the setback or overhang is located;

On each floor there must be a rigid diaphragm behaviour;

There cannot be any opening in the slab that exceeds 20% of the dimension in plan,
measured parallel to the opening. Hollow zones must not appear staggered between
adjacent floors and the total opening area must not exceed 20% of the floor area;

The mass of each floor cannot exceed 120% for NTC-RSEE [21] and 110% for
MOC-2015 [22] of the corresponding floor immediately below, with the exception
of the top floor, nor may it be less than 70% of the mass of the floor immediately
below. The top floor is exempt from this condition;

No floor may have an area greater than 110%, nor less than 70% of the floor area
immediately below;

Only for NTC-RSEE [21], all the columns have the same height or do not have huge
shifts, except for the roof storey;

6-9
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10.

1.

12.

13.

All columns are restricted by floors, in orthogonal directions, by horizontal
diaphragms;

Stiffness cannot differ between floors by more than 20% for NTC-RSEE [21]
and 50% for MOC-2015 [22] from that of the floor immediately below;

For MOC-2015 [22], on no floor can the statically calculated torsional
eccentricity exceed 10% of the plan dimension of that floor, measured parallel
to the mentioned eccentricity;

For NTC-RSEE [21], in structures designed considering behaviour factor of 3.0
and 4.0, the lateral strength and design action ratio should be higher than,
respectively, 75% and 85% of the average ratios on all floors.

Additionally, for NTC-RSEE [21], a structure is considered strongly irregular when does
not comply two or more of the requirements 5, 6, 9, 10, 11, 12 and 13. For MOC-2015 [22], a
structure can also be classified as strongly irregular if it meets any of the following requirements:

1.

3.
4.

The statically calculated torsional eccentricity exceeds 20% of the floor plan
dimension measured parallel to the mentioned eccentricity;

The rigidity or shear resistance of the tread exceeds more than 100% that of the
tread immediately below;

At the same time, fulfil the 2 last conditions described above;

Does not fulfil 4 or more regularity conditions described above.

Despite the Mexican codes does not make any difference between plan and vertical
irregularity, Table 6-6 presents the assessment of the buildings the criteria normally associated
to irregularity in elevation. Considering that if any criterium does not met, the structure should
not be regular, the structures was classified as regular and irregular. Analogously of what occurs
with Brazilian code, despite the differences between criteria of Mexican codes and Eurocodes,
the classification of the structures was the same. Additionally, it was not possible to classify
any strongly irregular structure due to the verification of torsional eccentricity.

Table 6-6: Criteria for regularity in elevation according to NTC-RSEE [21] and

MOC-2015 [22]

Vertical

irregularity

criteria

ED-01
ED-02
ED-03
ED-04
ED-05
ED-06
ED-07
ED-08
ED-09
ED-10
ED-11
ED-12
ED-13
ED-14
ED-15
ED-16

Symmetrical
distribution

~
4
~
4
4
~
~
2
~
~
~
~
4
~
2
2

resistant elements

Ratio of elevation

and smallest

NN N NN A Voo N A NN

dimension in plan

Setbacks

N NN A

Rigid diaphragm s x j / / J | | | | | /

behaviour

vooN NN A AN

Inter-storey mass I |

shift

N N

\ — Regular criterium | X — Irregular criterium | R — Regular | I — Irregular
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Table 6-6: Cont.

il 2§93 2 g5 geosozogonoyy

irregularity A A /A /A A /A A A A A A A A A ~ ~

criteria = = = = = = = = = = = = = = = =

Area shift between | [ f

storeys

Columns

restrictions by

horizontal
diaphragms

Lateral stiffness

shift

X X X X X X X VY X X X X x x N

Regularity
classification

I I I I I I I R I I I I | I R R

\/ — Regular criterium | X — Irregular criterium | R — Regular | I — Irregular

6.4.4.3 ASCE/SEI7-22 (USA)

ASCE/SEI7-22 [23] establishes that a structure must be classified as irregular in elevation if it
does not meet one of the following criteria:

1.

Stiffness-soft storey irregularity: It exists where there is a storey in which the
lateral stiffness is less than 70% of that in the story above or less than 80% of
the average stiffness of the three storeys above;

Stiffness-extreme soft storey irregularity: It exists where there is a storey in
which the lateral stiffness is less than 60% of that in the story above or less than
70% of the average stiffness of the three floors above;

Weight (mass) irregularity: It exists where the effective mass of any storey is
more than 150% of the effective mass of an adjacent storey. A roof that is lighter
than the floor below need not be considered;

Vertical geometric irregularity: It exists where the horizontal dimension of the
seismic force-resisting system in any storey is more than 130% of that in an
adjacent storey;

In-plane discontinuity in vertical lateral force-resisting element irregularity: It
exists where there is an in-plane offset of a vertical seismic force-resisting
element resulting in overturning demands on supporting structural elements;

Discontinuity in lateral strength-weak story irregularity: It exists where the
storey lateral strength is less than 80% of that in the story above;

Discontinuity in lateral strength-extreme weak story irregularity: It exists where
the storey lateral strength is less than 65% of that in the storey above.

Table 6-7 summarizes the ASCE vertical irregularity criteria assessment of studied
buildings. Likewise the aforementioned codes, the classification of irregularity in elevation of
the buildings according to ASCE/SEI7-22 [23] was similar to observed in EN 1998-1 [18] and
prEN 1998-1-2:2024 [19].
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Table 6-7: Criteria for regularity in elevation according to ASCE/SEI7-22 [23]

Vertical - & e ¥ W O > ® & © = &N & <+ o O
: : T ¥ 9 9 2 2 £ 9 8 z 7T T @ = T T
irregularity /B A /A AR A /A A A A AR A A A A ~ A~
criteria FE fF B R R R R E R R R R & @ (@
Latralstiffniess vy x x x x X Vv X X X X X X +
shift

Vertical ‘ ‘ ‘ ‘ ‘

geometric S e N N A N N N
irregularity

Discontinuity

in lateral X X X X X X X Vv X X X x x x v ¥
strength (weak

storey)

Regularity in

elevation I I I I I I I R I I I I I I R R
classification

\/ — Regular criterium | X — Irregular criterium | R — Regular | I — Irregular

6.4.4.4 NZS 1170.5 (NEW ZEALAND)

NZS 1170.5 [24] establishes that a structure must be classified as irregular in elevation if it does
not meet at least one of the following criteria:

1. One storey was much taller than the adjoining storeys and the resulting decrease
in stiffness that would normally occur was not, or could not be, compensated for;

2. The ratio of mass to stiffness in adjoining storeys differs significantly. It was
considered that parameter;

3. The smaller dimension was below the larger dimension, thereby creating an
inverted pyramid effect;

4. Significant horizontal offsets in the vertical elements of the horizontal force
resisting system at one or more levels,

5. Abrupt changes in strength capacity between storeys

For criterium of height shift, it was considered unmet if the height shift between storey is
higher than 1.0 m. For the second criterium, as this code does not present any numerical
reference, leading to a qualitative analysis, it was considered the reference of 30% shift in lateral
stiffness and 150% of mass shift as prescribed by prEN 1998-1-2:2024 [19]. The third and
fourth criteria were assessed qualitatively. Finally, the strength capacity between storeys is
considered analogously as defined by prEN 1998-1-2:2024 [19], due to the lack of qualitative
parameters in NZS 1170.5 [24].

Table 6-8 demonstrates the analysis of irregularity in elevation criteria assessment of
buildings according to NZS 1170.5 [24]. As occurred previously in the aforementioned seismic
codes, the vertical irregularity classification according to NZS 1170.5 [24] was similar to EN
1998-1:2004 [18] and prEN 1998-1-2:2024 [19].
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Table 6-8: Criteria for regularity in elevation according to NZS 1170.5 [24]

el 2 2z 2 2 g5 22 o2 ozooozo3onos

irregularity 2 A A A A A A A A 2 A A @ @ ~ ~

criteria = = = = = = = = = = = = = = = =

Height shift X X X X & v oo NN XX AN X N

Ratio of mass  y X X X X X V X X VX Voo

to stiffness

Inverted L e N N A N A

pyramid effect

Significant ‘ ‘

horizontal S e e N N e e e N L

offsets

Strength X X X X X X X VY X X X X X Xx +V

capacity shift

Regularity in
elevation
classification

I | I | I I I R I I I I I I R R

\/ — Regular criterium | X — Irregular criterium | R — Regular | I — Irregular

6.4.4.5 SEISMIC CODES COMPARISON ON VERTICAL IRREGULARITY

As a closure of this section, this subsection compares the vertical irregularity classification on
all buildings, throughout all assessed seismic codes. Table 6-9 presents those results.

Table 6-9: Vertical irregularity classification comparison throughout all assessed

seismic codes

- o o - [7g) & ~ (-] =) [—} - o e < w &
I S 9 9 9 9 9 <2 9 9§89 .+ T99TTTT
Seismiccode A A A A A a4 2 &2 & &4 &4 a4 & & & &
= = = = = = = = = = = = = = = =
EN 1998-
1:2004 | prEN I 1 1 1T 1T 1 1 R I T T 1 1 I R R
1998-1-2:2024
NBR
154212003 r 1 1 1 1T 1T 1 R I T I 1 1 I R R
NTC-RSEE |
MOC2015 r 1 1 1 1T 1T 1 R I T I 1 1 I R R
ASCE/SEI722 I 1 1 1 I 1 1 R I I 1 1 I I R R
NZS 1170.5 r 1 1 1 1 I 1 R I I I 1 1 I R R

R —Regular | I — Irregular

From Table 6-9 and the discussion performed above, it can be inferred that:

1.

On vertical irregularity criteria, there are differences between the assessed
seismic codes in the qualitative or quantitative nature of the criterium, or in the
non-consideration of a specific criterium itself;

Despite the differences discussed in (1), since all assessed seismic codes
consider a structure irregular in elevation if at least one of the vertical irregularity
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criteria was not complied, the final classification of all buildings was similar in
all assessed seismic codes;

3. Asdiscussed by Santos et al. [16], there are considerable differences in maturity
between several seismic codes. Further studies should be done to improve those
standards, especially in the clarification of the irregularity criteria.

6.5 SEISMIC RESPONSE OF EXISTING BUILDINGS

In this section, the seismic response assessment of buildings ED-1, ED-14, ED-15 and ED-16
have been carried out. Those buildings were chosen considering the following aspects:

1. Irregularity in elevation classification;

2. Seismic standard considered in the design;
3. Access to structural blueprints;
4

Access to design criteria information, such as concrete and rebars characteristics,
loads consideration and combinations, seismic design information, calculus
methodology adopted in design, etc.

Despite the differences in design considerations, structural geometries, number of floors
and inter-storey heights observed in those chosen buildings, the main point of this assessment
is to evaluate the impact of irregularity in elevation and the seismic design consideration or not
in seismic response of existing buildings, even though the inherent limitation of this analysis.

The seismic response assessment of those structures was carried out in the SeismoStruct
v2025 [25,26] software by an adaptative push-over analysis. To simulate RC elements, it was
employed inelastic force-based frame elements, subdivided into seven integration sections.
Each section was further discretized into 150 fibres to accurately capture the nonlinear
behaviour of the materials. To represent the mechanical response of reinforcement steel and
concrete, the uniaxial constitutive model developed by Monti and Nuti [30] was used for steel,
while the model proposed by Mander et al. [31] was utilized for concrete.

Table 6-10 presents the concrete and rebars characteristics considered in each assessed
building. As it can be seen ED-1 and ED-14 have similar concrete and rebars properties. Those
are more recent projects, as highlighted in Table 2. However, the seismic code considered in
the design to each building were different. For ED-15 and ED-16, they considered only gravity
loads in the design. Additionally, those buildings were ancient projects, as shown in Table 6-2.
Additionally, the concrete and rebars have lower resistance.
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Table 6-10: Concrete and rebars mechanical properties considered in each model

Building ED-01 ED-14 ED-15 ED-16
Concrete class C30/37 C30/37 C20/25 C20/25
fo (MPa) 30.0 30.0 20.0 20.0
fem (MPa) 38.0 38.0 28.0 28.0
frtm(MPa) 2.9 2.9 2.2 2.2
E_,,(GPa) 33.0 33.0 30.0 30.0
Rebar class S500 S500 S400 S400
fyr(MPa) 500.0 500.0 400.0 400.0
fym(MPa) 555.0 555.0 444 4 444 4
fya(MPa) 435.0 435.0 347.0 347.0
E (GPa) 200.0 200.0 200.0 200.0

Figure 6-3 demonstrate the seismic response of the aforementioned structures. Figure 6-
3a shows the capacity curves and idealized curves of each building, with their correspondent
limit states (Damage limitation, significant damage and near collapse). Figures 6-3b and 6-3c
illustrate, respectively, the first occurrence of performance criteria related with the
correspondent base shear and displacement. Finally, Figures 6-3d and 6-3e exhibit, respectively,
the inter-storey drift and global drift of each building. Additionally, Figures 6-4 demonstrate,
respectively, the chord rotation and shear capacity performance of columns, shear walls and
beams of each assessed structure.
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Figure 6-3: Seismic response of existing buildings: (a) Capacity curves; (b) critical points of capacity curves —
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beams

From Table 6-10 and Figures 6-3 and 6-4, it can be drawn:

1.

Regarding the capacity curves demonstrated in Figure 6-3a, despite ED-01 and
ED-14 present the same number of storeys, the maximum load was considerably
higher in ED-14. It is important to highlight that ED-01 was a residential building
and ED-14 a commercial one. Additionally, they were designed considering
different seismic codes;

Still in Figure 6-3a, but comparing regular and irregular structures, despite ED-
01, ED-14 and ED-15 have the same number of storeys, ED-15 presented a
substantial worse behaviour on capacity curve, despite the structural regularity of
the structure. However, it can be explained by the fact that ED-15 did not be
designed considering seismic loads. For the ED-16, that also was not designed to
seismic load, the maximum base shear was similar to ED-14, even though ED-16
was much higher structure, which allows bigger displacements. If this one would
have considered seismic load in the design, it probably would behave much better
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in the parameters. Additionally, despite the differences between several
parameters, all buildings present ductile behaviour;

. As demonstrated in Figures 6-3b and 6-3c, ED-14, designed according to RSA

[28] and REBAP [29], presented first appearance of critical points in capacity
curve considerably earlier than the other structures. Despite RSA [28] and REBAP
[29] consider seismic design, those does not take into account capacity design and
does not assess plastic behaviour of the structures due to seismic load. That might
explain that behaviour;

Still in Figures 6-3b and 6-3c, ED-01 and ED-15 behave similarly regarding to
first appearance of critical points of capacity curves. ED-16, nevertheless,
presents more spaced between first occurrence of performance criteria, despite
this building was not designed considering seismic load;

In Figure 6-4, it can be seen that ED-15 and ED-16 presents failures on beams due
to shear capacity. Additionally, despite those structures do not consider seismic
loads in design, no columns collapsed due to chord rotation or shear performance
capacities. Those structural behaviour on seismic load was defined by low beams
capacity. Probably, if seismic load has been considered in the design of those
structures, they would present more capacity, by the increasing of beams” strength.
Furthermore, observing ED-01 and ED-14 behaviour in that matter, it can be seen
ED-01, designed by EN 1998-1:2004 [18], presents low percentage of collapsed
columns and beams on significant damages level. These are expected on structures
designed considering seismic loads. ED-14, nonetheless, despite of been designed
considering those loads, presents notable ruptures on columns and beams at the
significant damage level,

In Figures 6-3d and 6-3e, ED-15 present, both in inter-storey drift and global drift,
the worst behaviour (maximum of 1.25% and 1.14% respectively). ED-01, ED-14
and ED-16 presents respectively, maximum inter-storey drifts of 0.85%, 0.71%
and 1.10%. For global drifts, those buildings demonstrate values lower than 1.0%.
Furthermore, ED-15 and ED-16 show considerably higher shifts both in inter-
storey drifts and global drifts in comparison to other buildings. That occurs
probably to the non-seismic design of those structures.

6.6 SUMMARY AND CONCLUSIONS

This study assessed sixteen existing building frame and shear wall structures, conducting a
comprehensive analysis of vertical irregularity classification throughout several seismic codes
and seismic response of four of those buildings.

The following main conclusions can be drawn:

1.

EN 1998-1:2004 [18], prEN 1998-1-2:2024 [19], NBR 15421:2023 [20], NTC-
RSEE [21], MOC-2015 [22], ASCE/SEI7-22 [23] and NZS 1170.5 [24] present
important differences in vertical irregularity criteria, whether in the qualitative
or quantitative nature or even in the non-consideration of a specific criterium
itself. Nonetheless, since all of them consider a structure irregular in elevation if
at least one of the vertical irregularity criteria was not complied, the final
classification of almost all buildings was similar in all assessed seismic codes.
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This first conclusion should not lead to the premise that it would happen in all
cases. Further studies should be done to improve those standards, especially in
the clarification of the irregularity criteria;

2. The comparison of structural response of ED-01 and ED-14, designed by
different seismic codes, demonstrate the impact of the non-consideration of
capacity design and the seismic design dismissing the plastic behaviour. Despite
the higher capacity observe in ED-14, it is important to observe the differences
on those structures, such as structural use (habitational and commercial) and
seismic design approaches. Additionally, despite the capacity curve progression
on ED-14, this building presents highest failures both on beams and columns on
significant damage level in comparison to ED-01;

3. The non-seismic designed assessed buildings presented highest shifts in inter-
storey and global drifts. Additionally, the maximum values of those parameters
do not overtake 1.25% and 1.14%, respectively, which are higher than the limit
defined by EN 1998-1:2004 [18] and prEN 1998-1-2:2024 [19];

4. ED-15 and ED-16, buildings designed dismissing seismic loads, present
structural behaviour governed by beams shear capacity. These ones demonstrate
low capacities on beams, that limited the structural performance. Those results
show the importance of seismic design to better structural behaviour.
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6.8 NOMENCLATURE

Ecm Elastic modulus of concrete
E Elastic modulus of reinforcement
N
fek Characteristic compressive strength of concrete
fem Mean compressive strength of concrete
fetm Mean tensile strength of concrete
fyk Characteristic yield strength of reinforcement
m Mean strength of reinforcement
S g
fya Design yield strength of reinforcement
Lo Ly, Inertial moment in the x-direction of columns and shear walls, respectively
Ly, L, Inertial moment in the y-direction of columns and shear walls, respectively
H., H; Inter-storey height of columns and shear walls, respectively
DCM Ductility class medium
DCL Ductility class low
MRF Moment-resisting frames
RC Reinforced concrete
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71 GENERAL CONCLUSIONS

This thesis presents a comprehensive investigation into the seismic design provisions related to
vertical irregularities, as defined by both the current first generation of Eurocode 8 and the
evolving guidelines of its second-generation counterpart. Through rigorous analysis and critical
evaluation, the study offers new insights into the criteria for identifying and assessing vertical
irregularities, as well as their implications for the design, safety, and seismic performance of
reinforced concrete structures. The findings contribute meaningfully to the academic discourse
while also offering practical value for structural engineering practice.

Amidst the ongoing evolution of seismic design codes, academic studies in seismic
engineering field, work environment rising challenges and the impact of several seismic events,
the findings of this study underscore the necessity for the engineering community to critically
reassess conventional methodologies, embrace emerging innovations, and recalibrate
established practices in alignment with the evolving seismic design paradigm.

The discussion of vertical irregularities criteria in several seismic codes reached to few
considerations:

1. The standards indicate a consensus regarding the desired characteristics of a
seismic resistant structure, which include simplicity, symmetry, uniformity and
redundancies;

2. Although not all analysed seismic codes display the same level of development
and approach to the subject matter, it is evident that all seismic standards address
the issue of structural irregularities;

3. There are significant variations in the representation of seismic hazard. There
are different criteria to assess the same structure in the assessed seismic codes.
Additionally, there are distinct ways to quantify each criterium throughout the
assessed seismic codes or even there are a qualitative approach to analyse some
of those criteria. Those facts can cause confusion to the structural engineering
professionals, making it challenging to comprehend the extent of the impact
caused by vertical irregularities.

In the assessment of 5 storey MRF RC buildings, all regulars in plan, but with imposed
irregularity in elevation by height increasing, the following considerations can be done:

1. Increasing the height of the ground or intermediate floor has deleterious effects
on lateral stiffness, top displacement, inter-storey drift, and base shear. Normally
the soft storey in ground floor is more damaging to the seismic response than the
same in middle storey;

2. Columns cross-section shifts plays an important role in base shear and inter storey
drift behaviour, therefore in seismic response. However, the height increasing,
hence, the shift in lateral stiffness produced higher impacts in that matter;

3. The irregularity in elevation due to the shift in resistance or mass between floors
did not significantly affect the seismic response. However, even though this can
be corroborated by several published work, this must be more scrutinized by more
study and assessment of several structures with different shapes, materials’
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properties. Additionally, lateral stiffness imposes more easily the vertical
irregularity in comparison to aforementioned variables.

Regarding the combined effect of rebars corrosion and vertical irregularities in MRF RC
5-10 storey buildings, it can be concluded that:

1. 10% of corrosion was the level that started to present a substantial impact in
seismic response;

2. Corrosion does not significantly impact the inter-storey drifts, regardless the
different levels of vertical irregularities;

3. Despite corrosion impacts decreasing structural capacity, the irregularity in
elevation produces worst impacts in seismic response. However, the combined
effect substantially increased the seismic vulnerability.

However, it is important to emphasize that, from chapter 4, those conclusions are limited
to the assessed structural typology. it is important to assess also shear wall structures, different
RC resistance, structural geometries and, especially the combined impact of irregularity in plan
and corrosion in seismic response.

From the behaviour factor analysis in RC MRF and shear wall structures, according to
first and second generation of Eurocode 8, it could be observed that:

1. Irregular structures due to the maximum lateral stiffness shift slightly above 30%
present structural response parameters close to regular buildings;

2. In the behaviour factor assessment according to second generation of Eurocode 8,
there is a trend of reduction, in different levels, in behaviour factor as the
maximum inter-storey lateral stiffness shift increases, hence the elevation
irregularity increment;

3. Finally, considering the results, it was proposed a classification of regular,
irregular and strongly irregular structures. It is suggested that the lateral stiffness
shift to an irregular structure should be between 30% and 60%. For strongly
irregular structures, this value shall be above 60%. Additionally, it is
recommended a reduction of 20% of behaviour factor for irregular structures and
30% for strongly irregular ones, as can be seen in Mexican and North American
seismic codes.

Finally, it was assessed several RC existing buildings with different geometries, seismic
codes considered in design, materials” properties. From that, the main conclusions were:

1. Corroborating to observed in chapter 2, the assessed seismic codes present
important differences in vertical irregularity criteria, whether in the qualitative or
quantitative nature of the criterium, or in the non-consideration of a specific
criterium itself. However, since all of them consider a structure irregular in
elevation if at least one of the vertical irregularity criteria was not complied, the
final classification of all buildings was similar in all assessed seismic codes;

2. Capacity design and the seismic design dismissing the plastic behaviour impacts
substantially the seismic response. Furthermore, the non-seismic designed
assessed buildings presented worst behaviour in inter-storey and global drifts.
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Readers are encouraged to refer to the relevant chapters for a more thorough analysis and
comprehensive conclusions.
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7.2 FUTURE RESEARCH

To further advance the research initiated in this thesis on structural irregularities in seismic
design, it is essential to broaden the scope of investigation to encompass a wider range of
structural typologies. Such an expansion will facilitate a more comprehensive analysis of the
parameters influencing seismic response and enhance the understanding of the performance of
reinforced concrete buildings subjected to seismic loading.

For future research, it is proposed to conduct computational analyses on a larger and more
diverse set of RC structures. This expanded dataset will enable the development of a robust
foundation for capturing a broad range of design scenarios and seismic response characteristics.
From the study performed in this thesis, it can be suggested for future studies:

1.

Assess the irregularity criteria impact in different ductility levels. This analysis
may provide insights into how varying degrees of ductility, combined with
structural irregularities, affect the structural capacity to withstand and dissipate
seismic energy;

Evaluate the impact of irregularity in plan criteria and the combined effect of
irregularity in plan and elevation criteria in seismic response. This is important
to better understanding the most important criteria in irregularity, to better
prevent structural damages and collapses;

Conduct a comparative analysis of various structural systems in the context of
irregularities. The structural typology, whether moment-resisting frame systems,
wall systems, or dual systems, plays a critical role in the distribution and
management of seismic forces. Examining these different systems will provide
insight into their respective strengths, limitations, and vulnerabilities under
seismic loading conditions;

Investigate the influence of span variation in seismic response. The number and
configuration of spans significantly affect a structure’s lateral stiffness and mass
distribution, both of which are critical parameters in seismic design. Analysing
buildings with different span arrangements will enhance understanding of how
span variation influences seismic resilience and overall structural performance
under earthquake excitation;

Consider the materials” properties impact in seismic response. It is imperative to
assess structures regarding irregularities with different concrete and rebars
properties, to better predict ancient buildings non seismic designed and current
buildings behaviour in seismic events;

Furthermore, considering the impact of corrosion and the growing studies in the
field of seismic engineering, combined with corrosion knowledge, it is crucial
to assess, numerically and experimentally the impact of corrosion in seismic
response in RC structures. This work presented a numerical analysis in this
matter. However is important to perform a wider analysis in this matter, specially
considering experimental studies;

Assess the impact of infill walls in seismic response, considering the
aforementioned suggestions for future works and results obtained in this
research;
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8. Assess a wider range of existing buildings, considering the above discussion.
This is important to better evaluate the existing buildings seismic behaviour, to
better prevent catastrophes and, combined to the seismic events data, to teach us
good lessons on structural behaviour in earthquakes.

Future research should consider a range of finite element modelling (FEM) techniques to
advance the understanding of structural performance under seismic loading conditions, namely
time history analysis. It is crucial to model the nodes to determine whether their behaviour
aligns with the findings of the present study. Furthermore, walls should be modelled using shell
or plate elements to accurately capture their response. Various computational models should be
implemented to evaluate their influence on design outcomes in accordance with the provisions
of the second generation of Eurocode 8.

Additionally, another research avenue involves designing several structures using seismic
codes from other regions, such as the United States, New Zealand, Chile, and Mexico. These
designs can then be compared to those based on the second generation of Eurocode 8 to evaluate
differences and potential improvements in seismic resilience and safety standards.

This structured approach to defining the study object through these variables will ensure
that the research comprehensively covers the critical factors influencing seismic design. By
comparing and analysing different families of structures defined by these variables, future
research can develop more refined and effective seismic design recommendations, enhancing
the safety and sustainability of reinforced concrete buildings in seismic regions. This research
will validate the changes proposed by the second generation of Eurocode 8 and contribute to its
evolution, ensuring it remains responsive to the needs of modern structural engineering.
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Chapter 7

Closure and future research




Appendix A Building elements cross-section

Appendix A

A.1 MOMENT RESISTING FRAMES — CHAPTER 3 STRUCTURES

A1.1 COLUMNS

Structural Section (m) Long. rebar .
Structure element Storey bxh ratio (%) Stirrups
1 0.55x0.55 1.87% @8c7.0cm
External 2 0.55x0.55 1.87% @8c7.0cm
columns 3 0.55x0.55 1.87% @8c7.0cm
4 0.55x0.55 1.87% @8c7.0cm
Al 5 0.55x0.55 1.87% @8c7.0cm
1 0.55x0.55 1.87% @8c7.0cm
Internal 2 0.55x0.55 1.87% @8c7.0cm
columns 3 0.55x0.55 1.87% @8c7.0cm
4 0.55x0.55 1.87% @8c7.0cm
5 0.55x0.55 1.87% @8c7.0cm
1 0.55x0.55 1.45% @8c7.0cm
External 2 0.55x0.55 1.45% @8c7.0cm
columns 3 0.55x0.55 1.45% @8c7.0cm
4 0.55x0.55 1.45% @8c7.0cm
A2 5 0.55x0.55 1.45% @8c7.0cm
1 0.55x0.55 1.45% @8c7.0cm
Internal 2 0.55x0.55 1.45% @8c7.0cm
columns 3 0.55x0.55 1.45% @8c7.0cm
4 0.55x0.55 1.45% @8c7.0cm
5 0.55x0.55 1.45% @8c7.0cm
1 0.55x0.55 1.06% @8c7.0cm
External 2 0.55x0.55 1.06% @8c7.0cm
columns 3 0.50x0.50 1.29% @8c7.0cm
4 0.50x0.50 1.29% @8c7.0cm
A3 5 0.45x0.45 1.07% @8c7.0cm
1 0.55x0.55 1.06% @8c7.0cm
Internal 2 0.55x0.55 1.06% @8c7.0cm
columns 3 0.50x0.50 1.29% @8c7.0cm
4 0.50x0.50 1.29% @8c7.0cm
5 0.45x0.45 1.07% @8c7.0cm
1 0.55x0.55 1.06% @8c7.0cm
External 2 0.55x0.55 1.06% @8c7.0cm
columns 3 0.50x0.50 1.29% @8c7.0cm
4 0.50x0.50 1.29% @8c7.0cm
A4 5 0.45x0.45 1.07% @8c7.0cm
1 0.55x0.55 1.06% @8c7.0cm
Internal 2 0.55x0.55 1.06% @8c7.0cm
columns 3 0.50x0.50 1.29% @8c7.0cm
4 0.50x0.50 1.29% @8c7.0cm
5 0.45x0.45 1.07% @8c7.0cm
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Appendix A Building elements cross-section

Structural Section (m) Long. rebar

Structure element Storey bx h ratio (%) Stirrups
1 0.55x0.55 1,06% @8c7.0cm

External 2 0.55x0.55 1,06% @8c7.0cm

columns 3 0.55x0.55 1,06% @8c7.0cm

4 0.45x0.45 1.07% @8c7.0cm

AB 5 0.45x0.45 1.07% @8c7.0cm
1 0.55x0.55 1,06% @8c7.0cm

Internal 2 0.55x0.55 1,06% @8c7.0cm

columns 3 0.55x0.55 1,06% @8c7.0cm

4 0.45x0.45 1.07% @8c7.0cm

5 0.45x0.45 1.07% @8c7.0cm

1 0.75x0.75 2.44% @8c7.0cm

External 2 0.75x0.75 2.44% @8c7.0cm

columns 3 0.75x0.75 2.44% @8c7.0cm

4 0.75x0.75 2.44% @8c7.0cm

B1 5 0.75x0.75 2.44% @8c7.0cm
1 0.75x0.75 2.44% @8c7.0cm

internal 2 0.75x0.75 2.44% @8c7.0cm

columns 3 0.75x0.75 2.44% @8c7.0cm

4 0.75x0.75 2.44% @8c7.0cm

5 0.75x0.75 2.44% @8c7.0cm

1 0.75x0.75 1.75% @8c7.0cm

External 2 0.75x0.75 1.75% @8c7.0cm

columns 3 0.75x0.75 1.75% @8c7.0cm

4 0.75x0.75 1.75% @8c7.0cm

B2 5 0.75x0.75 1.75% @8c7.0cm
1 0.75x0.75 1.75% @8c7.0cm

internal 2 0.75x0.75 1.75% @8c7.0cm

columns 3 0.75x0.75 1.75% @8c7.0cm

4 0.75x0.75 1.75% @8c7.0cm

5 0.75x0.75 1.75% @8c7.0cm

1 0.75x0.75 2.44% @8c7.0cm

External 2 0.75x0.75 2.44% @8c7.0cm

columns 3 0.70x0.70 2.80% @8c7.0cm

4 0.70x0.70 2.80% @8c7.0cm

B3 5 0.65x0.65 3.25% @8c7.0cm
1 0.75x0.75 2.44% @8c7.0cm

internal 2 0.75x0.75 2.44% @8c7.0cm

columns 3 0.70x0.70 2.80% @8c7.0cm

4 0.70x0.70 2.80% @8c7.0cm

5 0.65x0.65 3.25% @8c7.0cm

1 0.75x0.75 2.27T% @8c7.0cm

External 2 0.75x0.75 2.27T% @8c7.0cm

columns 3 0.75x0.75 2.27% @8c7.0cm

4 0.65x0.65 3.02% @8c7.0cm

B4 5 0.65x0.65 3.02% @8c7.0cm
1 0.75x0.75 2.27% @8c7.0cm

internal 2 0.75x0.75 2.27% @8c7.0cm

columns 3 0.75x0.75 2.27% @8c7.0cm

4 0.65x0.65 3.02% @8c7.0cm

5 0.65x0.65 3.02% @8c7.0cm
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Appendix A

Building elements cross-section

Structural

Section (m)

Long. rebar

Structure element Storey bxh ratio (%) Stirrups
1 0.75x0.75 2.44% @8c7.0cm

External 2 0.75x0.75 2.44% @8c7.0cm

column 3 0.75x0.75 2.44% @8c7.0cm

4 0.75x0.75 2.44% @8c7.0cm

c1 5 0.75x0.75 2.44% @8c7.0cm
1 0.75x0.75 2.44% @8c7.0cm

2 0.75x0.75 2.44% @8c7.0cm

Internal column 3 0.75x0.75 2.44% @8c7.0cm

4 0.75x0.75 2.44% @8c7.0cm

5 0.75x0.75 2.44% @8c7.0cm

1 0.75x0.75 1.75% @8c7.0cm

External 2 0.75x0.75 1.75% @8c7.0cm

column 3 0.75x0.75 1.75% @8c7.0cm

4 0.75x0.75 1.75% @8c7.0cm

c2 5 0.75x0.75 1.75% @8c7.0cm
1 0.75x0.75 1.75% @8c7.0cm

2 0.75x0.75 1.75% @8c7.0cm

Internal column 3 0.75x0.75 1.75% @8c7.0cm

4 0.75x0.75 1.75% @8c7.0cm

5 0.75x0.75 1.75% @8c7.0cm

1 0.75x0.75 2.44% @8c7.0cm

External 2 0.75x0.75 2.44% @8c7.0cm

column 3 0.70x0.70 2.80% @8c7.0cm

4 0.70x0.70 2.80% @8c7.0cm

c3 5 0.65x0.65 3.25% @8c7.0cm
1 0.75x0.75 2.44% @8c7.0cm

2 0.75x0.75 2.44% @8c7.0cm

Internal column 3 0.70x0.70 2.80% @8c7.0cm

4 0.70x0.70 2.80% @8c7.0cm

5 0.65x0.65 3.25% @8c7.0cm

1 0.75x0.75 2.44% @8c7.0cm

2 0.75x0.75 2.44% @8c7.0cm

Ec)étlim' 3 0.75x0.75 2 44% @8¢7.0cm

4 0.65x0.65 3.02% @8c7.0cm

ca 5 0.65x0.65 3.25% @8c7.0cm
1 0.75x0.75 2.44% @8c7.0cm

2 0.75x0.75 2.44% @8c7.0cm

Internal column 3 0.75x0.75 2.44% @8c7.0cm

4 0.65x0.65 3.25% @8c7.0cm

5 0.65x0.65 3.25% @8c7.0cm
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Appendix A Building elements cross-section

Al.2 BEAMS
Structural Section (m) Long. rebar .
Structure element Storey bxh ratio (%) Stirrups
1 0.40x0.55 1.97% @8c7.0cm
2 0.40x0.55 1.97% @8c7.0cm
External beams 3 0.40x0.55 1.97% @8c7.0cm
4 0.40x0.55 1.97% @8c7.0cm
Al 5 0.40x0.55 1.97% @8c7.0cm
1 0.40x0.55 2.05% @8c7.0cm
2 0.40x0.55 2.05% @8c7.0cm
Internal beams 3 0.40x0.55 2.05% @8c7.0cm
4 0.40x0.55 2.05% @8c7.0cm
5 0.40x0.55 2.05% @8c7.0cm
1 0.40x0.55 1.97% @8c7.0cm
2 0.40x0.55 1.97% @8c7.0cm
External beams 3 0.40x0.55 1.97% @8c7.0cm
4 0.40x0.55 1.97% @8c7.0cm
A2 5 0.40x0.55 1.97% @8c7.0cm
1 0.40x0.55 2.05% @8c7.0cm
2 0.40x0.55 2.05% @8c7.0cm
Internal beams 3 0.40x0.55 2.05% @8c7.0cm
4 0.40x0.55 2.05% @8c7.0cm
5 0.40x0.55 2.05% @8c7.0cm
1 0.40x0.55 1.44% @8c7.0cm
2 0.40x0.55 1.44% @8c7.0cm
External beams 3 0.40x0.50 1.07% @8c7.0cm
4 0.40x0.50 1.07% @8c7.0cm
A3 5 0.35x0.45 0.80% @8c7.0cm
1 0.40x0.55 1.57% @8c7.0cm
2 0.40x0.55 1.57% @8c7.0cm
Internal beams 3 0.40x0.50 1.34% @8c7.0cm
4 0.40x0.50 1.34% @8c7.0cm
5 0.35x0.45 1.20% @8c7.0cm
1 0.40x0.55 1.41% @8c7.0cm
2 0.40x0.55 1.41% @8c7.0cm
External beams 3 0.40x0.55 1.41% @8c7.0cm
4 0.40x0.55 1.41% @8c7.0cm
Al 5 0.40x0.55 1.41% @8c7.0cm
1 0.40x0.55 1.57% @8c7.0cm
2 0.40x0.55 1.57% @8c7.0cm
Internal beams 3 0.40x0.55 1.57% @8c7.0cm
4 0.40x0.55 1.57% @8c7.0cm
5 0.40x0.55 1.57% @8c7.0cm
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Appendix A Building elements cross-section

Structural Section (m) Long. rebar

Structure element Storey bxh ratio (%) Stirrups
1 0.40x0.55 1.41% @8c7.0cm

2 0.40x0.55 1.41% @8c7.0cm

External beams 3 0.40x0.55 1.41% @8c7.0cm

4 0.40x0.55 1.41% @8c7.0cm

A5 5 0.40x0.55 1.41% @8c7.0cm
1 0.40x0.55 1.57% @8c7.0cm

2 0.40x0.55 1.57% @8c7.0cm

Internal beams 3 0.40x0.55 1.57% @8c7.0cm

4 0.40x0.55 1.57% @8c7.0cm

5 0.40x0.55 1.57% @8c7.0cm

1 0.45x0.65 2.85% @10c7.0cm

2 0.45x0.65 2.85% @10c7.0cm

External beams 3 0.45x0.65 2.85% @10c7.0cm

4 0.45x0.65 2.85% @10c7.0cm

B1 5 0.45x0.65 2.85% @10c7.0cm
1 0.45x0.65 2.52% @10c7.0cm

2 0.45x0.65 2.52% @10c7.0cm

Internal beams 3 0.45x0.65 2.52% @10c7.0cm

4 0.45x0.65 2.52% @10c7.0cm

5 0.45x0.65 2.52% @10c7.0cm

1 0.45x0.65 2.85% @10c7.0cm

2 0.45x0.65 2.85% @10c7.0cm

External beams 3 0.45x0.65 2.85% @10c7.0cm

4 0.45x0.65 2.85% @10c7.0cm

B2 5 0.45x0.65 2.85% @10c7.0cm
1 0.45x0.65 2.35% @10c7.0cm

2 0.45x0.65 2.35% @10c7.0cm

Internal beams 3 0.45x0.65 2.35% @10c7.0cm

4 0.45x0.65 2.35% @10c7.0cm

5 0.45x0.65 2.35% @10c7.0cm

1 0.45x0.65 2.85% @10c7.0cm

2 0.45x0.65 2.85% @10c7.0cm

External beams 3 0.45x0.65 2.85% @10c7.0cm

4 0.45x0.65 2.85% @10c7.0cm

B3 5 0.45x0.65 2.85% @10c7.0cm
1 0.45x0.65 2.35% @10c7.0cm

2 0.45x0.65 2.35% @10c7.0cm

Internal beams 3 0.45x0.65 2.35% @10c7.0cm

4 0.45x0.65 2.35% @10c7.0cm

5 0.45x0.65 2.35% @10c7.0cm

1 0.45x0.65 2.85% @10c7.0cm

2 0.45x0.65 2.85% @10c7.0cm

External beams 3 0.45x0.65 2.85% @#10c7.0cm

4 0.45x0.65 2.85% @10c7.0cm

B4 5 0.45x0.65 2.85% @10c7.0cm
1 0.45x0.65 2.35% @10c7.0cm

2 0.45x0.65 2.35% @10c7.0cm

Internal beams 3 0.45x0.65 2.35% @#10c7.0cm

4 0.45x0.65 2.35% @10c7.0cm

5 0.45x0.65 2.35% @10c7.0cm
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Appendix A Building elements cross-section

Structural Section (m) Long. rebar

Structure element Storey bxh ratio (%) Stirrups

1 0.40x0.55 3.19% @10c7.0cm

2 0.40x0.55 3.19% @10c7.0cm

External beams 3 0.40x0.55 3.19% @10c7.0cm

4 0.40x0.55 3.19% @10c7.0cm

c1 5 0.40x0.55 3.19% @10c7.0cm
1 0.40x0.55 2.69% @10c7.0cm

2 0.40x0.55 2.69% @10c7.0cm

Internal beams 3 0.40x0.55 2.69% @10c7.0cm

4 0.40x0.55 2.69% @10c7.0cm

5 0.40x0.55 2.69% @10c7.0cm

1 0.45x0.65 3.02% @10c7.0cm

2 0.45x0.65 3.02% @10c7.0cm

External beams 3 0.45x0.65 3.02% @10c7.0cm

4 0.45x0.65 3.02% @10c7.0cm

c2 5 0.45x0.65 3.02% @10c7.0cm
1 0.45x0.65 2.69% @10c7.0cm

2 0.45x0.65 2.69% @10c7.0cm

Internal beams 3 0.45x0.65 2.69% @10c7.0cm

4 0.45x0.65 2.69% @10c7.0cm

5 0.45x0.65 2.69% @10c7.0cm

1 0.45x0.65 3.02% @10c7.0cm

2 0.45x0.65 3.02% @10c7.0cm

External beams 3 0.45x0.65 3.02% @10c7.0cm

4 0.45x0.65 3.02% @10c7.0cm

c3 5 0.45x0.65 3.02% @10c7.0cm
1 0.45x0.65 2.69% @10c7.0cm

2 0.45x0.65 2.69% @10c7.0cm

Internal beams 3 0.45x0.65 2.69% @10c7.0cm

4 0.45x0.65 2.69% @10c7.0cm

5 0.45x0.65 2.69% @10c7.0cm

1 0.45x0.65 3.02% @10c7.0cm

2 0.45x0.65 3.02% @10c7.0cm

External beams 3 0.45x0.65 3.02% @10c7.0cm

4 0.45x0.65 3.02% @10c7.0cm

ca 5 0.45x0.65 3.02% @10c7.0cm
1 0.45x0.65 2.69% @10c7.0cm

2 0.45x0.65 2.69% @10c7.0cm

Internal beams 3 0.45x0.65 2.69% @10c7.0cm

4 0.45x0.65 2.69% @10c7.0cm

5 0.45x0.65 2.69% @10c7.0cm

A-6



Appendix A Building elements cross-section

A.2 MOMENT RESISTING FRAMES AND SHEAR WALLS — CHAPTERS 4 AND 5 STRUCTURES

A2.1 COLUMNS

Structural Section (m) Long. rebar .

Structure element Storey bxh ratio (%) Stirrups
1 0.55x0.55 1.06% @8c15.0cm
External 2 0.55x0.55 1.06% @8c15.0cm
FR5SH3.0g3.9 columns 3 0.50x0.50 0.97% @8c15.0cm
FR5SH3.5g3.9 4 0.50x0.50 0.97% @8c15.0cm
FR5SH4.0g3.12 5 0.45x0.45 1.19% @8c15.0cm
FR5SH4.5qg3.12 1 0.55x0.55 1.06% @8c15.0cm
FR5SH5.003.12 Internal 2 0.55x0.55 1.06% @8c15.0cm
FR5SH5.503.12 columns 3 0.50x0.50 0.97% @8¢15.0cm
4 0.50x0.50 0.97% @8c15.0cm
5 0.45x0.45 1.19% @8c15.0cm
1 0.60x0.60 1.05% @8c15.0cm
2 0.55x0.55 1.25% @8c15.0cm
3 0.55x0.55 1.25% @8c15.0cm
4 0.55x0.55 1.25% @8c15.0cm
External 5 0.50x0.50 1.51% @8c15.0cm
columns 6 0.50x0.50 1.51% @8c15.0cm
7 0.50x0.50 1.51% @8c15.0cm
FR10SH3.0g3.12 8 0.50x0.50 1.51% @8c15.0cm
FR10SH3.503.9 9 0.45x0.45 1.86% @8c15.0cm
FR10SH4.0g3.9 10 0.45x0.45 1.86% @8c15.0cm
FR10SH4.5g3.12 1 0.60x0.60 1.05% @8c15.0cm
FR10SH5.0g3.12 2 0.55x0.55 1.25% @8c15.0cm
FR10SH5.593.12 3 0.55x0.55 1.25% @8¢15.0cm
4 0.55x0.55 1.25% @8c15.0cm
Internal 5 0.50x0.50 1.51% @8c15.0cm
columns 6 0.50x0.50 1.51% @8c15.0cm
7 0.50x0.50 1.51% @8c15.0cm
8 0.50x0.50 1.51% @8c15.0cm
9 0.45x0.45 1.86% @8c15.0cm
10 0.45x0.45 1.86% @8c15.0cm
1 0.55x0.55 1.25% @8c15.0cm
External 2 0.55x0.55 1.25% @8c15.0cm
WA5SH3.0g3.0 columns 3 0.50x0.50 1.51% #8c15.0cm
WAB5SH3.50g3.0 4 0.50x0.50 1.51% @8c15.0cm
WAB5SH4.0g3.0 5 0.45x0.45 1.86% @8c15.0cm
WA5SH4.5¢2.4 1 0.55x0.55 1.25% @8c15.0cm
WA5SH5.092.4 Internal 2 0.55x0.55 1.25% @8c15.0cm
WASSH5.502.4 columns 3 0.50x0.50 1.51% @8c15.0cm
4 0.50x0.50 1.51% @8c15.0cm
5 0.45x0.45 1.86% @8c15.0cm
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Structural Section (m) Long. rebar .
Structure element Storey bxh ratio (%) Stirrups
1 0.60x0.60 1.05% @10c15.0cm
2 0.55x0.55 1.25% @10c15.0cm
3 0.55x0.55 1.25% @10c15.0cm
4 0.55x0.55 1.25% #10c15.0cm
External 5 0.50x0.50 1.51% #10c15.0cm
columns 6 0.50x0.50 1.51% @10c15.0cm
7 0.50x0.50 1.51% #10c15.0cm
WA10SH3.093.0 8 0.50x0.50 1.51% @10c15.0cm
WA10SH3.5g3.0 9 0.45x0.45 1.86% @10c15.0cm
WA10SH4.092.4 10 0.45x0.45 1.86% @10c15.0cm
WA10SH4.592.4 1 0.60x0.60 1.05% @10c15.0cm
WA10SH5.092.4 2 0.55x0.55 1.25% @10c15.0cm
WA10SH5.502.4 3 0.55x0.55 1.25% @10c15.0cm
4 0.55x0.55 1.25% @10c15.0cm
Internal 5 0.50x0.50 1.51% @10c15.0cm
columns 6 0.50x0.50 1.51% @10c15.0cm
7 0.50x0.50 1.51% @10c15.0cm
8 0.50x0.50 1.51% #10c15.0cm
9 0.45x0.45 1.86% @10c15.0cm
10 0.45x0.45 1.86% @10c15.0cm
1 0.75x0.75 0.67% @10c15.0cm
2 0.70x0.70 0.77% @10c15.0cm
3 0.70x0.70 0.77% @10c15.0cm
4 0.65x0.65 0.89% @10c15.0cm
5 0.65x0.65 0.89% @10c15.0cm
6 0.60x0.60 1.05% @10c15.0cm
External 7 0.60x0.60 1.05% @10c15.0cm
columns 8 0.55x0.55 1.25% @10c15.0cm
9 0.55x0.55 1.25% ?10c15.0cm
10 0.50x0.50 1.51% ?10c15.0cm
11 0.50x0.50 1.51% ?10c15.0cm
12 0.50x0.50 1.51% ?10c15.0cm
WA15SH3.0g3.0 13 0.50x0.50 1.51% #10c15.0cm
WA15SH3.5¢93.0 14 0.45x0.45 1.86% ?10c15.0cm
WA15SH4.092.4 15 0.45x0.45 1.86% ?10c15.0cm
WA15SH4.5¢92.4 1 0.75x0.75 0.67% ?10c15.0cm
WA15SH5.092.4 2 0.70x0.70 0.77% ?10c15.0cm
WA155H5.502.4 3 0.70x0.70 0.77% @10c15.0cm
4 0.65x0.65 0.89% ?10c15.0cm
5 0.65x0.65 0.89% ?#10c15.0cm
6 0.60x0.60 1.05% ?#10c15.0cm
Internal 7 0.60x0.60 1.05% ?#10c15.0cm
columns 8 0.55x0.55 1.25% ?#10c15.0cm
9 0.55x0.55 1.25% ?#10c15.0cm
10 0.50x0.50 1.51% ?#10c15.0cm
11 0.50x0.50 1.51% ?#10c15.0cm
12 0.50x0.50 1.51% ?#10c15.0cm
13 0.50x0.50 1.51% ?#10c15.0cm
14 0.45x0.45 1.86% ?#10c15.0cm
15 0.45x0.45 1.86% ?#10c15.0cm
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Appendix A Building elements cross-section

Structural Section (m) Long. rebar

Structure element Storey bxh ratio (%) Stirrups

1 0.85x0.85 0.52% @10c15.0cm

2 0.85x0.85 0.52% @10c15.0cm

3 0.80x0.80 0.59% @10c15.0cm

4 0.80x0.80 0.59% ?10c15.0cm

5 0.75x0.75 0.67% ?10c15.0cm

6 0.75x0.75 0.67% ?10c15.0cm

7 0.70x0.70 0.77% @10c15.0cm

8 0.70x0.70 0.77% @10c15.0cm

9 0.65x0.65 0.89% @10c15.0cm

External 10 0.65x0.65 0.89% @10c15.0cm

columns 11 0.60x0.60 1.05% @10c15.0cm

12 0.60x0.60 1.05% ?10c15.0cm

13 0.55x0.55 1.25% ?#10c15.0cm

14 0.55x0.55 1.25% ?#10c15.0cm

15 0.50x0.50 1.51% ?#10c15.0cm

16 0.50x0.50 1.51% ?10c15.0cm

17 0.45x0.45 1.86% ?10c15.0cm

WA20SH3.0q3.0 18 0.45x0.45 1.86% ?10c15.0cm
WA20SH3.5q2.4 19 0.45x0.45 1.86% @10c¢15.0cm
WA20SH4.092.4 20 0.45x0.45 1.86% #10c15.0cm
WA20SH4.592.4 1 0.85x0.85 0.52% @10c15.0cm
WA20SH5.0q2.4 2 0.85x0.85 0.52% @10c15.0cm
WA20SH5.5q2.4 3 0.80x0.80 0.59% @10c15.0cm
4 0.80x0.80 0.59% ?10c15.0cm

5 0.75x0.75 0.67% ?#10c15.0cm

6 0.75x0.75 0.67% 210c15.0cm

7 0.70x0.70 0.77% @10c15.0cm

8 0.70x0.70 0.77% ?10c15.0cm

9 0.65x0.65 0.89% ?#10c15.0cm

Internal 10 0.65x0.65 0.89% #10c15.0cm

columns 11 0.60x0.60 1.05% #10c15.0cm

12 0.60x0.60 1.05% @10c15.0cm

13 0.55x0.55 1.25% 210c15.0cm

14 0.55x0.55 1.25% @10c15.0cm

15 0.50x0.50 1.51% ?#10c15.0cm

16 0.50x0.50 1.51% ?#10c15.0cm

17 0.45x0.45 1.86% ?#10c15.0cm

18 0.45x0.45 1.86% @10c15.0cm

19 0.45x0.45 1.86% @10c15.0cm

20 0.45x0.45 1.86% @10c15.0cm
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Appendix A Building elements cross-section

A2.2 SHEAR WALLS

Section Corners Middle

(m) Long. Long.

rebar Stirrups rebar

bxh ratio ratio
(%) (%)

Structural

Structure
element

Stirrups

WAB5SH3.0g3.0
WAB5SH3.503.0
WAS5SH4.0q3.0
WABGSH4.5q2.4
WASGSHS5.0q2.4
WASGSHS5.5q2.4

WA10SH3.093.0
WA10SH3.5¢3.0
WA10SH4.002.4
WA10SH4.52.4
WA10SH5.002.4

WA10SH5.5¢92.4 Shear

walls 4.00x0.30 1.26%  ©10c15.0cm 0.26%  ©@10c30.0cm

WA15SH3.093.0
WA15SH3.5g93.0
WA15SH4.0g92.4
WA15SH4.5¢92.4
WA15SH5.0g92.4
WA15SH5.592.4

WA20SH3.0q3.0
WA20SH3.5q2.4
WA20SH4.0q2.4
WA20SH4.5q2.4
WA20SH5.0q2.4
WA20SH5.5q2.4
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Appendix A Building elements cross-section

A2.3 BEAMS
Structural Section (m) Long. rebar .
Structure element Storey bxh ratio (%) Stirrups
1 0.40x0.55 1.29% @8c12.0cm
2 0.40x0.55 1.29% @8c12.0cm
External beams 3 0.40x0.50 1.41% @8c12.0cm
4 0.40x0.50 1.26% @8c12.0cm
FR5SH3.0g3.9 5 0.35x0.45 1.60% @8c11.0cm
FR5SH3.5g3.9 1 0.40x0.55 1.29% @8c12.0cm
2 0.40x0.55 1.29% @8c12.0cm
Internal beams 3 0.40x0.50 1.41% @8c12.0cm
4 0.40x0.50 1.26% @8c12.0cm
5 0.35x0.45 1.60% @8c11.0cm
1 0.40x0.55 1.57% @8c12.0cm
2 0.40x0.55 1.43% @8c12.0cm
External beams 3 0.40x0.50 1.26% @8c12.0cm
4 0.40x0.50 1.26% @8c12.0cm
FR5SH4.0g3.12 5 0.35x0.45 1.60% @8c11.0cm
FR5SH4.5¢3.12 1 0.40x0.55 1.57% @8c12.0cm
2 0.40x0.55 1.43% @8c12.0cm
Internal beams 3 0.40x0.50 1.41% @8c12.0cm
4 0.40x0.50 1.26% @8c12.0cm
5 0.35x0.45 1.60% @8c11.0cm
1 0.40x0.55 1.57% @8c12.0cm
2 0.40x0.55 1.29% @8c12.0cm
External beams 3 0.40x0.50 1.26% @8c12.0cm
4 0.40x0.50 1.26% @8c12.0cm
FR5SH5.0g3.12 5 0.35x0.45 1.60% @8c11.0cm
FR5SH5.5g3.12 1 0.40x0.55 1.57% @8c12.0cm
2 0.40x0.55 1.29% @8c12.0cm
Internal beams 3 0.40x0.50 1.41% @8c12.0cm
4 0.40x0.50 1.26% @8c12.0cm
5 0.35x0.45 1.60% @8c11.0cm
1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.14% @8c12.0cm
3 0.40x0.55 1.14% ?8c12.0cm
4 0.40x0.55 1.14% @8c12.0cm
External beams 5 0.40x0.50 1.26% @8c12.0cm
6 0.40x0.50 1.26% @8c12.0cm
7 0.40x0.50 1.26% @8c12.0cm
8 0.40x0.50 1.26% @8c12.0cm
FR10SH3.0g3.12 9 0.35x0.45 1.60% @8c11.0cm
FR10SH3.503.9 10 0.35x0.45 1.60% @8c11.0cm
FR10SH4.0g3.9 1 0.40x0.55 1.14% @8c12.0cm
FR10SH4.5¢g3.12 2 0.40x0.55 1.14% @8c12.0cm
3 0.40x0.55 1.14% @8c12.0cm
4 0.40x0.55 1.14% @8¢12.0cm
Internal beams 5 0.40x0.50 1.26% @8¢12.0cm
6 0.40x0.50 1.26% @8¢12.0cm
7 0.40x0.50 1.41% @8¢12.0cm
8 0.40x0.50 1.26% @8c12.0cm
9 0.35x0.45 1.80% @8c11.0cm
10 0.35x0.45 1.60% @8c11.0cm
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Appendix A Building elements cross-section

Structural Section (m) Long. rebar

Structure element Storey bxh ratio (%) Stirrups

1 0.40x0.55 1.14% @8c12.0cm

2 0.40x0.55 1.14% @8c12.0cm

3 0.40x0.55 1.14% @8c12.0cm

4 0.40x0.55 1.14% @8c12.0cm

External beams 5 0.40x0.50 1.26% @8c12.0cm

6 0.40x0.50 1.26% @8c12.0cm

7 0.40x0.50 1.26% @8c12.0cm

8 0.40x0.50 1.26% @8c12.0cm

9 0.35x0.45 1.60% @8c11.0cm

FR10SH5.0g3.12 10 0.35x0.45 1.60% @8c11.0cm
FR10SH5.503.12 1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.14% @8c12.0cm

3 0.40x0.55 1.14% @8c12.0cm

4 0.40x0.55 1.14% @8c12.0cm

Internal beams 5 0.40x0.50 1.26% @8c12.0cm

6 0.40x0.50 1.41% @8c12.0cm

7 0.40x0.50 1.41% @8c12.0cm

8 0.40x0.50 1.26% @8c12.0cm

9 0.35x0.45 1.80% #8c11.0cm

10 0.35x0.45 1.60% #8c11.0cm

1 0.40x0.55 1.14% @8c12.0cm

2 0.40x0.55 1.57% @8c12.0cm

External beams 3 0.40x0.50 1.73% @8c12.0cm

4 0.40x0.50 1.73% @8c12.0cm

5 0.35x0.45 1.60% @8c11.0cm

WASSH3.093.0 1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.29% @8c12.0cm

Internal beams 3 0.40x0.50 1.41% @8c12.0cm

4 0.40x0.50 1.41% @8c12.0cm

5 0.35x0.45 1.60% ?8c11.0cm

1 0.40x0.55 1.29% @8c12.0cm

2 0.40x0.55 1.57% @8c12.0cm

External beams 3 0.40x0.50 1.73% ?#8c12.0cm

4 0.40x0.50 1.57% @8c12.0cm

5 0.35x0.45 1.60% ?8c11.0cm

WASSH3.5¢3.0 1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.29% @8c12.0cm

Internal beams 3 0.40x0.50 1.41% ?#8c12.0cm

4 0.40x0.50 1.41% @8c12.0cm

5 0.35x0.45 1.60% @8c11.0cm

1 0.40x0.55 1.29% @8c12.0cm

2 0.40x0.55 1.71% @8c12.0cm

External beams 3 0.40x0.50 1.73% #8c12.0cm

4 0.40x0.50 1.57% @8c12.0cm

5 0.35x0.45 1.60% @8c11.0cm

WASSH4.093.0 1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.29% @8c12.0cm

Internal beams 3 0.40x0.50 1.41% #8c12.0cm

4 0.40x0.50 1.41% @8c12.0cm

5 0.35x0.45 1.60% @8c11.0cm
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Appendix A Building elements cross-section

Structural Section (m) Long. rebar

Structure element Storey bxh ratio (%) Stirrups

1 0.40x0.55 1.71% @8c12.0cm

2 0.40x0.55 2.14% @8c12.0cm

External beams 3 0.40x0.50 2.04% @8c12.0cm

4 0.40x0.50 1.88% @8c12.0cm

5 0.35x0.45 1.60% @8c11.0cm

WASSH4.5q2.4 1 0.40x0.55 1.20% @8c12.0cm
2 0.40x0.55 1.29% @8c12.0cm

Internal beams 3 0.40x0.50 1.41% #8c12.0cm

4 0.40x0.50 1.41% @8c12.0cm

5 0.35x0.45 1.60% @8c11.0cm

1 0.40x0.55 1.86% @8c12.0cm

2 0.40x0.55 2.14% @8c12.0cm

External beams 3 0.40x0.50 2.04% @8c12.0cm

4 0.40x0.50 1.88% @8c12.0cm

5 0.35x0.45 1.60% #8c11.0cm

WASSHS.0q2.4 1 0.40x0.55 1.20% @8c12.0cm
2 0.40x0.55 1.29% @8c12.0cm

Internal beams 3 0.40x0.50 1.41% @8c12.0cm

4 0.40x0.50 1.41% @8c12.0cm

5 0.35x0.45 1.60% #8c11.0cm

1 0.40x0.55 1.57% @8c12.0cm

2 0.40x0.55 2.14% @8c12.0cm

External beams 3 0.40x0.50 2.20% @8c12.0cm

4 0.40x0.50 2.04% @8c12.0cm

5 0.35x0.45 1.60% @8c11.0cm

WASSHS.5q2.4 1 0.40x0.55 1.20% @8c12.0cm
2 0.40x0.55 1.29% @8c12.0cm

Internal beams 3 0.40x0.50 1.41% @8c12.0cm

4 0.40x0.50 1.41% @8c12.0cm

5 0.35x0.45 1.60% ?8c11.0cm

1 0.40x0.55 1.14% @8c12.0cm

2 0.40x0.55 1.14% @8c12.0cm

3 0.40x0.55 1.14% @8c12.0cm

4 0.40x0.55 1.14% @8c12.0cm

External beams 5 0.40x0.50 1.26% @8c12.0cm

6 0.40x0.50 1.26% @8c12.0cm

7 0.40x0.50 1.26% @8c12.0cm

8 0.40x0.50 1.26% @8c12.0cm

9 0.35x0.45 1.60% ?8c11.0cm

WA10SH3.0g3.0 10 0.35x0.45 1.60% @8¢11.0cm
WA10SH3.5g3.0 1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.14% @8c12.0cm

3 0.40x0.55 1.14% @8c12.0cm

4 0.40x0.55 1.14% @8c12.0cm

Internal beams 5 0.40x0.50 1.26% @8c12.0cm

6 0.40x0.50 1.26% @8c12.0cm

7 0.40x0.50 1.26% @8c12.0cm

8 0.40x0.50 1.26% @8c12.0cm

9 0.35x0.45 1.60% @8c11.0cm

10 0.35x0.45 1.60% @8c11.0cm
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Appendix A

Building elements cross-section

Structural

Section (m)

Long. rebar

Structure element Storey bxh ratio (%) Stirrups

1 0.40x0.55 1.14% @8c12.0cm

2 0.40x0.55 1.14% @8c12.0cm

3 0.40x0.55 1.14% @8c12.0cm

4 0.40x0.55 1.14% @8c12.0cm

External beams 5 0.40x0.50 1.26% @8c12.0cm

6 0.40x0.50 1.26% @8c12.0cm

7 0.40x0.50 1.26% @8c12.0cm

8 0.40x0.50 1.26% @8c12.0cm

9 0.35x0.45 1.60% @8c11.0cm

10 0.35x0.45 1.60% @8c11.0cm

WAL0SH4.0q2.4 1 0.40x0.55 1.14% @8c12.0cm

2 0.40x0.55 1.14% @8c12.0cm

3 0.40x0.55 1.14% @8c12.0cm

4 0.40x0.55 1.14% @8c12.0cm

Internal beams 5 0.40x0.50 1.26% @8c12.0cm

6 0.40x0.50 1.26% @8c12.0cm

7 0.40x0.50 1.41% @8c12.0cm

8 0.40x0.50 1.26% @8c12.0cm

9 0.35x0.45 1.60% @8c11.0cm

10 0.35x0.45 1.60% @8c11.0cm

1 0.40x0.55 1.14% @8c12.0cm

2 0.40x0.55 1.14% @8c12.0cm

3 0.40x0.55 1.14% @8c12.0cm

4 0.40x0.55 1.14% @8c12.0cm

External beams 5 0.40x0.50 1.26% @8c12.0cm

6 0.40x0.50 1.26% @8c12.0cm

7 0.40x0.50 1.26% @8c12.0cm

8 0.40x0.50 1.26% @8c12.0cm

9 0.35x0.45 1.60% @?8c11.0cm

WA10SH4.52.4 10 0.35x0.45 1.60% @8c11.0cm
WA10SH5.092.4

WAL0SH5.502.4 1 0.40x0.55 1.14% @?8c12.0cm

0. 2 0.40x0.55 1.14% @?8c12.0cm

3 0.40x0.55 1.14% @?8c12.0cm

4 0.40x0.55 1.14% @?8c12.0cm

Internal beams 5 0.40x0.50 1.26% @?8c12.0cm

6 0.40x0.50 1.26% @?8c12.0cm

7 0.40x0.50 1.41% @?8c12.0cm

8 0.40x0.50 1.26% @?8c12.0cm

9 0.35x0.45 1.80% @8c11.0cm

10 0.35x0.45 1.60% @8c11.0cm
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Appendix A Building elements cross-section

Structural Section (m) Long. rebar

Structure element Storey bxh ratio (%) Stirrups
1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.14% @8c12.0cm
3 0.40x0.55 1.14% @8c12.0cm
4 0.40x0.55 1.14% @8c12.0cm
5 0.40x0.55 1.14% @8c12.0cm
6 0.40x0.55 1.14% @8c12.0cm
7 0.40x0.55 1.14% @8c12.0cm
External beams 8 0.40x0.55 1.14% #8c12.0cm
9 0.40x0.55 1.14% @8c12.0cm
10 0.40x0.50 1.26% @8c12.0cm
11 0.40x0.50 1.26% @8c12.0cm
12 0.40x0.50 1.26% @8c12.0cm
13 0.40x0.50 1.26% @8c12.0cm
14 0.35x0.45 1.60% @8c11.0cm
WA15SH3.093.0 15 0.35x0.45 1.60% @8c11.0cm
WA15SH3.503.5 1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.14% @8c12.0cm
3 0.40x0.55 1.14% @8c12.0cm
4 0.40x0.55 1.14% @8c12.0cm
5 0.40x0.55 1.14% @8c12.0cm
6 0.40x0.55 1.14% @8c12.0cm
7 0.40x0.55 1.14% @8c12.0cm
Internal beams 8 0.40x0.55 1.14% @8c12.0cm
9 0.40x0.55 1.14% @8c12.0cm
10 0.40x0.50 1.26% @8c12.0cm
11 0.40x0.50 1.26% @8c12.0cm
12 0.40x0.50 1.26% @8c12.0cm
13 0.40x0.50 1.26% @8c12.0cm
14 0.35x0.45 1.60% ?8c11.0cm
15 0.35x0.45 1.60% ?8c11.0cm
1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.14% @8c12.0cm
3 0.40x0.55 1.14% @8c12.0cm
4 0.40x0.55 1.14% @8c12.0cm
5 0.40x0.55 1.14% @8c12.0cm
6 0.40x0.55 1.14% @8c12.0cm
migiﬂijggﬁji 7 0.40x0.55 1.14% @8c12.0cm
External beams 8 0.40x0.55 1.14% ?#8c12.0cm
WA15SH5.092.4 5
WA15SH5 502.4 9 0.40x0.55 1.14% @8c12.0cm
10 0.40x0.50 1.26% @8c12.0cm
11 0.40x0.50 1.26% @8c12.0cm
12 0.40x0.50 1.26% @8c12.0cm
13 0.40x0.50 1.26% @8c12.0cm
14 0.35x0.45 1.60% @8c11.0cm
15 0.35x0.45 1.60% @8c11.0cm

A-15



Appendix A Building elements cross-section

Structural Section (m) Long. rebar

Structure element Storey bxh ratio (%) Stirrups
1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.14% @8c12.0cm
3 0.40x0.55 1.14% @8c12.0cm
4 0.40x0.55 1.14% @8c12.0cm
5 0.40x0.55 1.14% @8c12.0cm
6 0.40x0.55 1.29% @8c12.0cm
WAI5SH4.092.4 7 0.40x0.55 1.09% @8¢12.0cm
WA15SH4.592.4
Internal beams 8 0.40x0.55 1.29% @8c12.0cm
WA15SH5.092.4 5
WA15SH5.502.4 9 0.40x0.55 1.29% @8c12.0cm
10 0.40x0.50 1.41% @8c12.0cm
11 0.40x0.50 1.41% @8c12.0cm
12 0.40x0.50 1.41% @8c12.0cm
13 0.40x0.50 1.41% @8c12.0cm
14 0.35x0.45 1.80% #8c11.0cm
15 0.35x0.45 1.60% #8c11.0cm
1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.14% @8c12.0cm
3 0.40x0.55 1.14% @8c12.0cm
4 0.40x0.55 1.14% @8c12.0cm
5 0.40x0.55 1.14% @8c12.0cm
6 0.40x0.55 1.14% @8c12.0cm
7 0.40x0.55 1.14% @8c12.0cm
WA20SH3.093.0 8 0.40x0.55 1.14% @8c12.0cm
WA20SH3.5¢2.4 9 0.40x0.55 1.14% @8c12.0cm
WA20SH4.092.4 External beams 10 0.40x0.55 1.14% @8c12.0cm
WA20SH4.5¢2.4 11 0.40x0.55 1.14% @8c12.0cm
WA20SH5.002.4 12 0.40x0.55 1.14% @8c12.0cm
WA20SH5.502.4 13 0.40x0.55 1.14% @8c12.0cm
14 0.40x0.50 1.26% @8c12.0cm
15 0.40x0.50 1.26% @8c12.0cm
16 0.35x0.45 1.60% @8c12.0cm
17 0.35x0.45 1.60% @8c12.0cm
18 0.35x0.45 1.60% @8c12.0cm
19 0.35x0.45 1.60% @8c11.0cm
20 0.35x0.45 1.60% @8c11.0cm
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Appendix A Building elements cross-section

Structural Section (m) Long. rebar

Structure element Storey bxh ratio (%) Stirrups
1 0.40x0.55 1.14% @8c12.0cm
2 0.40x0.55 1.14% #8c12.0cm
3 0.40x0.55 1.14% #8c12.0cm
4 0.40x0.55 1.14% ?8c12.0cm
5 0.40x0.55 1.14% @8c12.0cm
6 0.40x0.55 1.14% @8c12.0cm
7 0.40x0.55 1.29% @8c12.0cm
WA20SH3.5¢2.4 9 0.40x0.55 1.29% @8c12.0cm
WA20SH4.092.4 Internal beams 10 0.40x0.55 1.29% ?8c12.0cm
WA20SH4.592.4 11 0.40x0.55 1.29% @8c12.0cm
WA20SH5.0g2.4 12 0.40x0.55 1.29% @8c¢12.0cm
WA20SH5.5q2.4 13 0.40x0.55 1.29% @8c12.0cm
14 0.40x0.50 1.41% @8c12.0cm
15 0.40x0.50 1.41% @8c12.0cm
16 0.35x0.45 1.80% ?8c12.0cm
17 0.35x0.45 1.80% @8c12.0cm
18 0.35x0.45 1.80% @8c12.0cm
19 0.35x0.45 1.60% @8c11.0cm
20 0.35x0.45 1.60% @8c11.0cm
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