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ABSTRACT

One of the frequently used systems in the construction of seismic-resistant
structures is steel-frame due to the high energy-dissipating, load baring capacities.
Irregularities of a building in plan and elevation, which results in the change in stiffness in
different floors and regions inside the structure, highly affect the seismic performance and
behavior of the structure. As a few studies can be found dealing with the stiffness
irregularities in the structures, this study was about to investigate the seismic responses of
high-rise steel-frame building of twelve stories with various stiffness irregularities. The
building has five spans of 3200 mm distance in both X- and Y-directions. SAP2000 was
used for the design purpose. It resulted in the various sections for different stories; one to
three: 0.50x0.50x0.05m, four to seven: 0.45x0.45x0.05m, and eight to twelve:
0.40%x0.40x0.05m. The FEM software ABAQUS was used for the time-history analysis of
the buildings subject to real data recorded from Vrancea Earthquake in Romania.
Keywords: Seismic loads, stiffness irregularity, nonlinear static analysis, time history
analysis, fragility curves, high-rise building, steel frame.

1. Introduction

Constructional steel and composites materials have been widely used for structural
applications and construction (Pedro et al. 2009, Mohammadzadeh and Noh 2017, Choi et
al. 2018, Kim and Lee 2013). The steel frames were employed frequently to construct the
high-rise buildings to which major attention should be paid to resist against applied
external loads (Reyes-Salazar et al. 2016, Lee et al. 2014, Reyes-Salazar et al. 2016,
Hoffman and Fahnestock 2011). Earthquake is the most significant natural disaster making
the steel frames vulnerable to failure. There has been a large number of records in the
literature reporting the extensive structural damages and destruction due to high demand
earthquakes. It has been documented that when buildings located in a region subject to
seismic loads, some buildings collapse while some resist and remain undamaged which
showed that they utilized a system providing them with a better seismic performance to
stay resistant (Hou et al. 2109, Hsu et al. 2011, Linzell and Nadakuditi 2011). It has been
always a real need of constructing a structure resistant against seismic loads generated
from earthquakes to increase safety and decrease the maintenance costs. Therefore,
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many attentions have been attracted to investigate the effects of various important
parameters such as architectural design, structural materials and soil conditions on the
seismic resistance of a building (Chung et al. 2015, Ozmen and Unay 2007, Oikonomou
and Bougiatioti 2011, Altunisi and Kalkan 2016, Virella and Godoy 2009, Ajamy et al.
2018). In recent decades, construction of the seismic-resistant steel frame buildings
retrofitted with the proper lateral load-resisting systems providing ductile and elastic
behavior under moderate earthquakes, despite being costly and uneconomic, was a great
of interest (Sheehan et al. 2015, Ozuygur 2016, Lian et al. 2015, Takin et al. 2016).

One of the major concerns that should be paid attention is the vertical irregularities of a
building which is appealed in a structure in the form of varying column height in any floor
resulting in the stiffness irregularity (Mario and Barbara 2008). Structures with irregular
horizontal and vertical layouts are more vulnerable to collapse than regular structures.
Besides, many public, commercial and institutional buildings have been designed with
various irregularities in structural layout because of architectural and aesthetic
requirements. Design of buildings with stiffness irregularities requires specific design
considerations in comparison with that of regular buildings because of the various seismic
demands. The structural elements can resist against a specific amount of plastic hinge
rotation beyond which it may experience failure. In order to evaluate the structural
behavior of a building subject to seismic loads, the linear static, nonlinear static (pushover),
linear dynamic and nonlinear dynamic analyses can be employed (Dya and Oretaa 2015,
Mohammadzadeh et al. 2012, Mohammadzadeh and Noh 2014, Li et al. 2017). It has
been documented that the most accurate predictions of dynamic responses of irregular
structures subject to severe dynamic loads can be obtained by the nonlinear dynamic
analysis through which the plastic hinge development evaluated at the ends of the
structural elements (Mohammadzadeh and Noh 2019, Benavent-Climent et al. 2014,
Davani et al. 2016,).

Georgoussis et al. (2015) presented a method to investigate the seismic behavior of the
multi-story setback building subject to strong ground motions at the preliminary stage of
practical design. The accuracy of the method was evaluated by considering asymmetric
tall buildings with a mass or stiffness irregularity. Dynamic responses of elastic multi-story
building systems were obtained by analyzing simple (equivalent) single-story systems. The
behavior of the building was also investigated in the post elastic phase considering the
stiffness-dependent strength of the various bents and discontinuities. Vasilopoulos et al
(2008) presented a seismic design approach for irregular space steel frames with respect
to Eurocodes 8 and 3. The approach used an advanced static and dynamic finite element
method considering geometrical and material nonlinearities as well as member and frame
imperfections. The pushover analysis was performed by distributing the multimodal load
along with the height of the building combining the first few modes. The nonlinear dynamic
analysis was carried out, in the time domain, using accelerograms obtained from real
earthquakes such that to be compatible with the elastic design spectrum of Eurocode 8.
The abilities and efficiency of the proposed method were evaluated through two example
problems; a seven- storey geometrically regular frame with in-plan eccentricities, and a
six-storey frame with a setback. Cancellara and Angelis (2019) investigated the dynamic
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behavior of base-isolated multi-storey structures having high irregularity in the plan. In this
regard, two types of dynamic analyses were adopted: a dynamic analysis with response
spectrum and nonlinear dynamic analysis. The results were presented in the form of
deformation, inter-story drift as different levels, and stresses with the focus on bending
moment, and shear in the columns and beams and axial force.in columns.

Although, a large number of studies have been reported in the literature to improve the
understanding of the behavior of regular structures subject to seismic loads, however, a
small number of research works can be found dealing with the seismic responses of
irregular structures. Therefore, this study motivated to investigate the seismic performance
of the steel frame building of twelve stories with irregularities in plan and elevation. For the
design purpose, the commercially available structural design package SAP2000 was
adopted which resulted in various column profiles along with the building height. To
perform the nonlinear time history analysis the FEM package ABAQUS was employed.

2. Modeling process

2.1 Definition of the problem

This study presented the seismic analysis of the moment-resisting steel frame building
with twelve stories and stiffness irregularities in plan and elevation. In order to investigate
the irregularity influences on the structural performance of the buildings, the regular
building was analyzed as a control model. It is worthy to note that the same area, number
of story and story height were considered for normal and irregular buildings. Based on the
definitions of building category given in (HAZUS 1999), the high-rise buildings possess
more than eight stories, higher than 36.5 m in height, thus, the model of this study laid in
the high-rise building category. To enhance the performance of the beam-to-column
connections the fiber-reinforced polymers were considered.
2.2 Schematic of the building

2.2.1 Regular design
The overall design of the building is such that all the stories, from the ground floor to the

top, possess an equal height of 3.2 m for each. To illustrate the height of the building and
variation between consecutive floors a typical regular building is provided in Fig .1.
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Fig. 1 lllustration of a typical building elevation considered in this study
The plan of the regular building, considered in this study as a control prototype, is given
in Fig. 2 (a) while the 3D schematic of the building is given in Fig. 2(b). The general plan of
the building is a square with six axes and five spans of 3.2 m in X- and Z-directions.
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Fig. 2(a) Architectural plan of a typical regular building
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Fig. 2(b) 3D schematic of the regular building
2.2.2 Irregularity

In earthquake codes, buildings have been mostly classified into two main categories;
regular and irregular buildings. Irregularities in buildings and structures are mostly because
of architectural demands and purposes. Two types of irregularities have been recognized
for buildings: One is the irregularity in the plan including torsional irregularity, floor slab
discontinuities, projection in the plan, and nonparallel axes of structural elements. Another
is the irregularity in elevation so-called vertical irregularity comprising inter-story strength
(weak story), inter-story stiffness (soft story), and discontinuity of vertical structural
elements. These irregularities can cause partial or general failure of the structure,
especially, in case of moderate and severe earthquakes. For example, Fig. 3 shows the
severe damages of a building due to torsional irregularity.

€)) Gerl view - (b) Zoom-in view
Fig. 3 Severe damage and partial failure of the building due to torsional irregularity [13]
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(a) Plan

Among different types of irregularity in the plan, this study intended to investigate the
torsional irregularity which has been commonly considered in design and construction, as
illustrated in Figs. 4.
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Fig. 4 lllustrations of torsional irregularity in this study

Torsional irregularity originated from the distance between centers of gravity and rigidity.
This eccentricity results in the torsion moments around the center of rigidity causing the
shear forces in the columns. The slabs of the floors have the role of transferring the lateral
loads, which commonly caused by a seism, to the columns and shear walls. Although, the
floor slabs have been supposed to possess an infinite in-plane rigidity, however, the
existence of an opening in the slabs may lead to a drastic change in slab rigidity. This can
change the distribution of lateral loads and affect the overall seismic behavior of the
structure by imposing the extra shear stresses to the columns due to the lateral
displacement.
(b) Elevation

This study investigated a type of vertical irregularities known as soft story. The soft floor
or inter-story stiffness irregularity coming up from differentiation of lateral displacement of
consecutive floors. In several cases, the soft story might be observed; one case is when
the columns with the same cross-section utilize a longer height than other floors, thus, the
lower lateral rigidity increases the displacements. Another one is the case that non-
continuous shear walls induce critical shear stresses in the columns. Besides, having
partition walls in higher elevations while they are eliminated in the ground floor may result
in the development of the shear forces in the columns. For this analysis, a range of
variation of stiffness irregularity from K=0.3, at the top, to K=0.9, at lower levels, was
considered as illustrated in Fig. 5.
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Fig. 5 lllustration of stiffness irregularity in elevation considered in this study

It is worthy to mention that the focus of the current study was an investigation of seismic
performance of the irregular buildings of two types of irregularity in plan and elevation to
provide a strong background and foundation for future studies that will consider a range of
irregularities in building heights, plan and configurations.

3. FEM analysis

The time-history analysis was performed using the commercially available FE package
ABAQUS to investigate the seismic behavior of the high-rise building with and without
irregularity.

3.1Model details

In this study, the twelve-stories building was investigated through FEM analysis. To
model, the structural elements of buildings in ABAQUS the wire elements were considered
as it helps to reduce the analysis costs and achieve the accurate results in a shorter time
than the case of modeling with 3D solid elements.

3.1.1 Geometry

The first step of FEM analysis is the construction of the model based on the geometry of
the problem given in Fig. 2. In this regard, a reference point was defined to be the origin of
the building. It helps to have a precise tool for drawing the structural elements at different
stories. Having this reference point, a set of points was created in each storey level for the
positioning of beams and columns. Then, by employing the wire elements they have been
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connected and the net of beam and column formed. Fig. 6 shows the 3D view of the
regular building modeled with wire elements.

Storey 12

Storey 1

Fig.6 3D view of the building created by a set of points connected with wire elements

3.1.2 Material properties and steel profiles

The construction steel with a yield strength of 420 MPa, the elastic modulus of E=210
GPa, and Poisson’s ratio of v = 0.3 was considered for the steel profiles of beam and
columns of the building. To perform the nonlinear analysis as a complementary step for
the linear analysis, the nonlinearity of steel required to be defined as illustrated in Fig. 7.
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Fig. 7 Nonlinear material properties of the constructional steel



The 2019 World Congress on

Advances in Structural Engineering and Mechanics (ASEM19)
Jeju Island, Korea, September 17 - 21, 2019

In order to design the building and to find the dimensions of the steel frame the
commercially available design package, SAP2000 was employed. From the design
process, various BOX profiles were obtained for different stories: one to three:
0.50%x0.50x0.05m, four to seven: 0.45%x0.45x0.05m, and eight to twelve: 0.40x0.40x0.05m.

For the beam in all stories the section, IPE 500 was chosen to have the dimensions of
W=200 mm, H=500 mm, t,,= 10.2 mm, t,=16 mm as illustrated in Fig. 8.
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Fig. 8 lllustration of the beam profile IPE 500

Thereatfter, the section profiles were specified to the corresponding beam and columns
of each storey. Fig. 9 shows the 3D model of the building after specifying the steel profiles
to the structural members.
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Fig. 9 A 3D model of the building having specified the steel profiles to the beam and
columns

3.1.3 Loading pattern and boundary conditions(B.C)

(a) Load
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Various types of loads were comprising dead and live loads were considered; the
superimposed dead load counting for floor coating and interior walls as well as a live load
for all residential areas, a line load due to cladding weight of exterior walls on the beams at
the exterior beams, dead and live loads at the roof elevation. Table 1 shows the various
portions of the applied load.

Table 1 Loading pattern comprising dead and live loads of floors and roof

Loading Floor2 ROsz ex?;rlilgrlr:/%/]all exteF\r)i(())(r)fwaII

position (KN/m©) (KN/m°) (kN/m) (kN/m)
Dead load 11.38 9.26 7.68 1.99
Live load 3.14 2.35 - 0.98

It is appropriate to note that loads given in Table 1 were applied to the building in
negative Y-direction. In addition to the above-mentioned loads, a real set of recorded
ground acceleration obtained from Vrancea Earthquake, Romania, considered as the
seismic load applied to the building for the time history analysis as illustrated in Fig. 10(a).
For the aim of deduction of the analysis costs, the time axis was squeezed by a factor of
10 as shown in Fig. 10(b).
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(a) Real recorded_ground (b) Squeezed time-line
acceleration
Fig. 10 Plot of the applied ground acceleration

The seismic load was applied to the base of steel frame under displacement-control
conditions with an amplitude defined with respect to the load time-history and applied in X-
and Z-directions.

(b) B.C.

To apply boundary conditions, the movement in Y-direction and rotation about X- and Z-
directions of the columns at the base floor was constrained. Displacements in X- and Z-
directions were released to let the seismic load act in these directions under displacement
control conditions.
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3.2 Analysis procedure

For the seismic analyses of regular and irregular buildings, the nonlinear dynamics
procedure was adopted. First, the regular building was investigated by applying the
seismic load together with the dead and live loads corresponding to each storey. Then,
two cases of irregularities in plan and elevation were dealt with. By having the results
comprising the deformed shape of steel frames and storey drift, the irregularity effects on
the seismic performance of the building were figured out.

4. Numerical results

4.1 Regqular building

Fig. 11(a) shows the illustration of the damaged regular building obtained from nonlinear
dynamic analysis at a time step of t=0.57s corresponding to negative peak acceleration
(maximum compressive load) while the deformation corresponding to positive peak
acceleration (maximum tensile load) is shown in Fig. 10(b) at t= 0.61s. As the plan of the
regular building is symmetric, the deformed shape of the building in X-direction is solely
enough to be presented.

(a) Negative (t=0.57s) (b) positive (t= 0.61s)
Fig. 11 Deformation of the regular building at negative and positive peak (X-direction)

The support reactions of the building, at nodes 1 and 4 which are shown in Fig. 2(b),
comprising moments and lateral displacements in the plane of the building are provided in

Table 2.
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Table 2 Support reactions of the regular building at peak

Node M21(N.m) M2(N.m) M3(N.m) Ul(mm) U2(mm) U3(mm)
1 -171.1 E+03 0.0 3.1E+06 119.3 0 119.3
4 -3.1E+06 0.0 229.5 E+03 119.3 0 119.3

4.2 Building with Irregularity

The seismic analyses of buildings with different types of irregularities were carried out to
find out the effects of irregularities on the dynamic behavior and seismic resistance of
buildings. Two types of irregularities were imposed on the frame; plan and elevation. For
the corresponding analyses, the nonlinear dynamic procedure was adopted.

4.2.1 Plan

Dynamic characteristics of buildings with irregularity in the plan were investigated
considering the case of torsional irregularities. The deformed shape of the building with
torsional irregularity just after the positive peak applied are shown in Fig. 12(a) and (b) in
X- and Z-direction, respectively.

U, Ul

o

X-direction (U1) Z-direction (U3)
Fig. 12 Deformed shape of the seismic loaded building with torsional irregularity just after
the positive peak (t= 0.615s)

In order to investigate the effects of irregularity in the plan, the support reactions were
provided in Table 3 for nodes 1 and 4 shown in Fig. 4.
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Table 3 Support reactions of the plan-irregular building at peak

Node M21(N.m) M2(N.m) | M3(N.m) | Ul(mm) | U2(mm) U3(mm)
1 -9.8E06 0.0 -2.9E06 142.0 0.0 142.0
4 -207.2E3 0.0 3.3E6 142.0 0.0 142.0

4.2.2 Elevation

Having analyzed the stiffness irregularity in elevation using ABAQUS, the deformed
shapes of the building were obtained just after the peak ground acceleration applied. Fig.
13(a) shows the deformed shape in X-direction while the building deformation is illustrated
in Fig. 13(b).

X-direction (U1) Z-direction (U3)

Fig. 13 Deformed shape of building with stiffness irregularity (t= 0.61s)

To figure out the effects of irregularity in elevation which in this case is stiffness
irregularity of storeys, the support reactions were provided in Table 4.
Table 4 Support reactions of the plan-irregular building at peak

Node M1(N.m) M2(N.m) | M3(N.m) | Ul(mm) | U2(mm) U3(mm)
1 15.0E06 0.0 -17.37E06 | -103.47 0.0 -103.47
4 9.83E06 0.0 -15.94E06 | -103.47 0.0 -103.47

4.3 Comparisons of storey drift

To figure out the effects of irregularity on seismic performance of the building, the storey
drift corresponding to regular and irregular buildings were plotted in comparative graphs.
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The storey drifts of regular and irregular buildings are provided in Figs 14(a), 14(b) for
drifts in X-direction, drifts in Z-direction, respectively.
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Fig. 14 Comparative graphs representing storey drifts of regular and irregular buildings

As can be seen from the graphs given in Fig. 14(a), the irregularity in plan resulted in
highest drift, especially, in lower levels in x-direction. Besides, it can be figured out that the
irregularity in elevation, stiffness irregularity, did not have significant effects on the building
drifts. Having looked at Fig. 14(b), it can be found that the plan irregularity affect the storey
drift, in Z-direction, at mid-height of the building the most. Furthermore, the irregularity in
elevation had more effects on storey drift in Z-direction than in X-direction.

5. Concluding Remarks

Current study investigated the seismic performance of a twelve stories steel frame
buildings of 41.6 m height for three cases of irregularity; regular, in plan and in elevation.
The torsional irregularity was considered for the case of irregularity in plan while the
stiffness irregularity was adopted for irregularity in elevation. In the first step the regular
building was designed using SAP2000 and resulted in different section profiles of column;
0.50x%0.50x0.05m, four to seven: 0.45x0.45x0.05m, and eight to twelve: 0.40x0.40x0.05m.
Furthermore, the section IPE 500 was considered for beams at all stories. After designing
the regular building, the FEM software ABAQUS was used for the time-history analysis of
the buildings with and without irregularities. A real set of seismic record corresponding to
Vrancea Earthquake in Romania was adopted to perform nonlinear incremental dynamic
analysis. First, the regular building was modeled and analyzed, then, the irregular
buildings were modeled. The results were extracted for two peaks of seismic acceleration
at both negative and positive phases. For the regular building, deformed shapes and
corresponding displacements were provided for X-direction due to the symmetric plan of
the building laid down in X-Z plane, while the results of irregular buildings were reported in
both X- and Z- directions. Thereafter, the support reactions including displacements and
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moments were reported to provide a good insight into the effects of the irregularity on

building seismi. The seismic behavior of the buildings of different types and effects of

irregularities were investigated in terms of storey drift. Having investigated results the
following outcomes can be noted:

e The maximum drift increased with a steep slope as the irregularity degree of the storey
increased.

e For the residual drift, it could observe that with increase in the storey irregularity the
rate of increase in the residual drift increased compared to the stories with regular
storey stiffness.

e From comparison between regular and irregular building it was found that the regular
building significantly showed a better seismic performance than irregular buildings and
lower deformation was observed.

e From the comparison between two different cases of irregularities, it was observed that
the frame with irregularity in plan had the worst seismic performance among all.
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