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Abstract: Eurocode 8 is undergoing a revision process encompassing novel ductility classes, damage
limitation limits, local ductility conditions corresponding to detailing 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.

Keywords: Eurocode 8; irregularity in elevation; seismic design; RC structures

1. 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 dis-
cern 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 vari-
ous 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 has been extensively addressed in numerous studies [4,9–18], and their major
conclusions can be highlighted as follows:
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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. An increase 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. Stiffness 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 accelera-

tion [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.

EN 1998-1 [20] and EN 1992-1-1 [21] define structural analysis and design methodolo-
gies 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 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.

2. 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,
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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 accelera-
tion within the constant acceleration range (Sα), defined as being 2.5·ag·S·η, as per EN
1998-1 [20].

2.1. Structural Characterization

The structures assessed consist of three configurations, all with five storeys and with
differences in their planned geometries, as shown in Figures 1 and 2.
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Figure 1. Frame building system configurations (Robot Structural Analysis Professional 2024). 

   

Figure 1. Frame building system configurations (Robot Structural Analysis Professional 2024).

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 1 and 2. The
height between floors is 3.0 m for all storeys. The models had their heights increased by
0.5 m to a maximum of 5.5 m of elevation on the ground storey or on the 3rd storey. The
solid slab thickness was 15.0 cm on all floors. Table 1 presents the geometrical characteristics
of each analyzed structure.
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Table 1. Structural elements dimensions of the MRF structures.

Structure Storey Columns (cm × cm) Beams (cm × cm) Storey Elevation
Increase

Height of Storey with
Elevation Increase (m)

A1 All 55 × 55 40 × 55 1 3.0

A2 All 55 × 55 40 × 55 3 9.0

A3

Storeys 1 and 2 55 × 55 40 × 55

1 3.0Storeys 3 and 4 50 × 50
40 × 50

Storey 5 45 × 45

A4

Storeys 1 and 2 55 × 55

40 × 55 1 3.0Storeys 3 and 4 50 × 50

Storey 5 45 × 45

A5
Storeys 1 and 2 55 × 55

40 × 55 1 3.0
Storeys 3, 4 and 5 45 × 45

B1 All 75 × 75 45 × 65 1 3.0

B2 All 75 × 75 45 × 65 3 9.0

B3

Storey 1 and 2 75 × 75

45 × 65 1 3.0Storeys 3 and 4 70 × 70

Storeys 5 65 × 65

B4
Storeys 1, 2 and 3 75 × 75

45 × 65 1 3.0
Storeys 4 and 5 65 × 65

C1 All 75 × 75 45 × 65 1 3.0

C2 All 75 × 75 45 × 65 3 9.0

C3

Storeys 1 and 2 75 × 75

45 × 65 1 3.0Storeys 3 and 4 70 × 70

Storey 5 65 × 65

C4
Storeys 1, 2 and 3 75 × 75

45 × 65 1 3.0
Storeys 4 and 5 65 × 65
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2.2. 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 2. By choosing Exposure Class
XC1, 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 2.

Table 2. Concrete and steel mechanical properties.

C30/37 Concrete B500 Steel Reinforcements

fck (MPa) 30 fyk (MPa) 500

fcm (MPa) 38 fym (MPa) 555

fcd (MPa) 20 fyd (MPa) 435

fctk,0.95 (MPa) 2.0 Es (GPa) 200

fctm (MPa) 2.9 εsy (‰) 2.5

fctd (MPa) 1.3

Ecm (GPa) 33

εcu,1 (‰) 3.5

3. Design Principles
3.1. 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. The buildings were modelled to resist earthquake forces in two directions, X and Y;
2. The modelling accounted for global torsional effects;
3. Slabs were treated as rigid diaphragms;
4. Columns and beams were modelled as linear elastic bar elements, but there was no

specific modelling of joint stiffness in this analysis;
5. There was no redistribution of bending moments in this modelling approach;
6. The connection between beams and columns was assumed to be concentric;
7. Accidental eccentricities and second-order effects were considered in the analysis;
8. The contribution of infills to the structural response was not considered; however,

their weight was included in the overall loads;
9. 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 A1 structure, for instance,
the worst case was the A1 structure with 5.0 m and 5.5 m of height in the first storey.

3.2. Vertical Loads and Seismic Actions

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

1. Structure self-weight (Gk,1): All storeys: RC columns, beams, and slabs have a density
of 25 kN/m3;

2. Other permanent loads (Gk,2):

a. First to fourth storeys: External walls and partitions have a uniformly dis-
tributed load of 1.2 kN/m2, and these storeys have a final a load of 1.3 kN/m2,
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b. Fifth storey: Has a final load of 1.0 kN/m2;

3. Live loads (Qk):

a. First to fourth storey: Buildings for use as civil dwellings, falling into the usage
category A, have a live load of 2.0 kN/m2,

b. Fifth storey: H roofs considered inaccessible, except for normal maintenance
and repair, accounting for a live load of 1.0 kN/m2.

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 γI = 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
(ξ = 5%) for the structure analyzed are displayed in Table 3.

Table 3. Horizontal response spectra properties.

Ductility Class Sα (m/s2) ag (m/s2) q

DCM 5.00 1.67 3.90

3.3. Load Combination

The structures were designed for the following:

(a) ULS–Fundamental combinations

∑
j≥1
γG,j·Gk,j“+”γQ,1·Qk,1 (1)

(b) ULS–Seismic combinations

∑
j≥1

Gk,j“+”AEd“+”∑
i>1
ψ2,i·Qk,i (2)

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 4.
The seismic combinations account for accidental eccentricities.

Table 4. Load combinations.

Load Combination Nature Gk,1 Gk,2 Qk EEd,x EEd,y Acce,i,x Acce,i,y

1 ULS-Fundamental 1.35 1.35 1.50 - - - -

2

ULS-Seismic 1.00 1.00 0.30

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

5 −0.30 −1.00 −0.30 −1.00

6 1.00 0.30 1.00 0.30

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
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4. 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].

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

Table 5. Comparison of vertical irregularity criteria between the generations of Eurocode 8.

Criteria EN 1998-1 [20] prEN 1998-1-2:2024 [22]

Continuity Continuity of all resistant systems in
lateral directions

Continuity of all resistant systems in
lateral directions

Lateral stiffness Gradual or no reduction in lateral stiffness and mass
between storeys. Not exceed 30% of variation between storeys

Mass Gradual or no reduction in mass between storeys Not exceed 150% of variation between storeys

Resistance Proportional variation in the ratio between real and
required strength between storeys

The ratio between real and required strength of
the floor does not exceed 30% between storeys

Setback

Not surpassing 20% of the plan dimension of the
lower storey in the setback direction. Not mentioned

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.
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.

5. Results and Discussion

Table 6 presents the first three natural frequencies (F1, F2, and F3) of each type of
structure obtained from SeismoStruct. The structures A1 to A5, B1 to B4, and C1 to C4
behave similarly regarding natural frequency, without much deviation despite the increase
in height.

Figure 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
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models and the aforementioned prediction method are shown for the other structures,
reaching up to 108% for the A3_4.0 m model.

Table 6. Natural frequencies.

Structure
Height (1st or

3rd Storey) (m)
Frequency (Hz)

Structure
Height (1st or 3rd

Storey) (m)
Frequency (Hz)

F1 F2 F3 F1 F2 F3

A1

3.0 2.0 2.1 2.3

B3

3.0 2.9 3.2 3.3

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

4.5 1.7 1.7 1.9 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

A2

3.0 2.0 2.1 2.3

B4

3.0 3.0 3.2 3.3

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

4.5 1.7 1.8 1.9 4.5 2.5 2.7 2.7

5.0 1.6 1.7 1.8 5.0 2.3 2.5 2.6

5.5 1.5 1.5 1.7 5.5 2.2 2.3 2.4

A3

3.0 1.9 2.0 2.1

C1

3.0 3.0 3.2 3.3

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

4.5 1.6 1.7 1.8 4.5 2.5 2.7 2.8

5.0 1.5 1.5 1.7 5.0 2.4 2.5 2.6

5.5 1.4 1.4 1.5 5.5 2.2 2.3 2.4

A4

3.0 1.9 2.0 2.2

C2

3.0 3.0 3.2 3.3

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

4.5 1.6 1.7 1.8 4.5 2.5 2.7 2.8

5.0 1.5 1.5 1.7 5.0 2.4 2.5 2.6

5.5 1.4 1.4 1.6 5.5 2.3 2.4 2.4

A5

3.0 2.0 2.0 2.2

C3

3.0 3.0 3.2 3.3

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

4.5 1.6 1.7 1.8 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

B1

3.0 3.0 3.3 3.3

C4

3.0 3.1 3.3 3.4

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

4.5 2.5 2.7 2.7 4.5 2.6 2.7 2.8

5.0 2.3 2.5 2.6 5.0 2.4 2.5 2.6

5.5 2.2 2.3 2.4 5.5 2.3 2.3 2.4
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Table 6. Cont.

Structure
Height (1st or

3rd Storey) (m)
Frequency (Hz)

Structure
Height (1st or 3rd

Storey) (m)
Frequency (Hz)

F1 F2 F3 F1 F2 F3

B2

3.0 3.0 3.2 3.3

3.5 2.8 3.1 3.1

4.0 2.7 2.9 2.9

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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Figures 4 and 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 of the
calculated forces that generate a unitary displacement.

Figures 4 and 5 and Table 6 support the following findings.

1. All structures, except for A1, 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 analyzed, 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 A5 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 6 and 7 represent the displacement responses and storey drifts of the studied
structures, and Table 7 shows the maximum top displacement and storey drift at each
observed height studied for the structures with these characteristics. Figure 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 9 shows the capacity curves of the studied structures, complementing the
information provided in Figure 6 and Table 7.
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Table 7. Maximum top displacements and inter-storey drifts.

Height (m) Structure Storey Maximum Top
Displacement (mm) Height (m) Structure Storey Inter-Storey

Drift (%)

3.0 B4_3.0 5 215.4 3.0 A1_3.0 1 3.0

3.5 B3_3.5 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_4.5 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 3.4

5.5 B2_5.0 5 293.4 5.5 A2_5.5/B2_5.5 3 3.4

The following findings can be extracted from Figures 6–9 and Table 7.

1. From Figure 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 Mo-
hamad [37]. However, when the first floor elevation rises to 5.0 m and 5.5 m, the top
displacements increase.

2. From Table 7 and Figures 6 and 7, it can be seen that the maximum displacements and
storey drifts are observed, respectively, in the B2 structure (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 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.

3. From Figure 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].

4. From Figure 8a, compared to the regular structure (A1 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.

5. From Figures 8b and 9, it can be seen that the A1 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].

6. Still concerning Figure 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
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at a height of 3.0 m in comparison with, respectively, the A1, B1, and C1 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.

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 is presented in Table 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 8. Absolute displacement and base shear data, considering mass variations.

Structure
Mass

Variation
between
Storeys

Absolute Displacement (mm) Maximum
Base Shear

(kn)
Storey

1 2 3 4 5

A2 0.0% 75.7 122.3 146.9 161.5 168.0 7983.4

A2_20% 19.7% 75.1 122.2 147.0 161.6 168.0 7995.3

A2_30% 21.3% 74.9 122.1 147.1 161.6 168.0 8001.2

A2_40% 23.0% 74.6 122.1 147.2 161.7 168.0 8006.8

A2_50% 24.6% 79.4 128.0 153.2 167.7 174.0 8013.1

B2 0.0% 79.8 136.0 165.6 182.7 191.5 43,072.4

B2_20% 15.0% 83.3 141.5 171.5 188.7 197.6 43,164.2

B2_30% 16.2% 83.0 141.4 171.6 188.8 197.6 43,172.1

B2_40% 17.5% 82.7 141.4 171.7 188.8 197.6 43,178.9

B2_50% 18.7% 82.5 141.3 171.7 188.8 197.6 43,184.1

C2 0.0% 61.0 96.6 117.4 130.2 136.6 63,095.1

C2_20% 13.9% 60.7 96.5 117.5 130.2 136.5 63,125.9

C2_30% 15.0% 60.5 96.4 117.5 130.2 136.5 63,150.3

C2_40% 16.2% 60.4 96.4 117.5 130.2 136.5 63,174.4

C2_50% 17.3% 60.2 96.4 117.6 130.2 136.5 63,197.8

6. 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 analyze 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.
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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. 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 planned 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
planned geometry.

5. Further studies with different structural geometries, considering irregularities in plans
and elevations, 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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Nomenclature

εcu,1 Ultimate compressive strain of concrete
εsy Yielding strain of reinforcement
γG,j Partial factor for permanent action j
γQ,1 Partial factor for leading variable action
ψ2,i Combination factor for variable actions
Acce,i,x Seismic accidental torsional effect generated by EEd,x
Acce,i,y Seismic accidental torsional effect generated by EEd,y
AEd Design value of seismic action
Ag Design ground acceleration
DCM Ductility class medium
Ecm Elastic modulus of concrete

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

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

Es Elastic modulus of reinforcement
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fck Characteristic compressive strength of concrete
fcm Mean compressive strength of concrete
fcd Design compressive strength of concrete
fctk,0.95 Characteristic tensile strength of concrete
fctm Mean tensile strength of concrete
fctd Design tensile strength of concrete
fyk Characteristic yield strength of reinforcement
fym Mean strength of reinforcement
fyd Design yield strength of reinforcement
Gk,j Characteristic permanent action j
MRF Moment-resisting frame
q Behaviour factor
Qk Characteristic variable action i
Sα Soil factor
ULS Ultimate limit state
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