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Abstract:  The increased construction of tall buildings is related to various factors, the main of which 
are demographic, financial, urban planning, use of materials with higher characteristics and last but not 
least - accumulated knowledge and practical experience in the design and construction.
The paper reflects the professional experience of the authors in the design of tall buildings in seismic 
areas.
Special attention is devoted in the paper to the structural systems used in tall reinforced concrete 
buildings. The considerations affecting the choice of a structural system in the presence of a given 
architectural design are commented. The process of computer modeling of the structure and the 
subsequent analysis of the obtained results are considered. The most important steps include 
determining the basic structural elements that will be reflected in the computer models, as well as the 
types of models that should be created and analyzed in order to reliably design the structure. The 
article comments on the need to create separate different structural analysis models for vertical and 
seismic loads, as well as their main features. Specific issues related to structural regularity checks, the 
variation of the support conditions, the need to correct element stiffnesses in certain areas of the 
structure depending on the computer model and the purpose of the analysis and other, are addressed.
The comments made in this regard are based on projects implemented on the basis of the Eurocode 
system, but the conclusions and recommendations made are of a general nature.
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General
The number of tall buildings is increasing constantly all over the world. There are various reasons for 
this process Traykov (1). Those are office buildings, hotels, residential buildings, and buildings for 
mixed-use occupancies. Most of these buildings are of reinforced concrete structures.
Structural systems
There are many classifications of the structural systems of tall buildings. A consistent one is presented 
in Gunel M., Ilgin H. (2).The structural system of a tall building consists of cores, shear walls and 
frames. All those elements resist both vertical and horizontal forces. The particular system strongly 
depends of the building plan. For tower type of buildings, the torsional stiffness provided by the core is 
usually not sufficient and inclusion of the perimeter columns in the lateral load resistance of the 
structure. There are different types of implementation of the idea of a perimeter framed tube structure. 
Higher stiffness and improved behaviour is obtained when the perimeter columns are closely spaced 
and are connected by beams with considerable depth. An improved behaviour is observed even in 
case that the exterior columns are widely spaced and are connected by band beam with small height. 
In the best case the perimeter columns will form a frame at the façade thus contributing significantly to 
the torsional stiffness of the building and improving its behaviour. Where possible and necessary the 
perimeter columns could be linked by beams to the cores or the interior walls acting as outrigger beams 
thus adding a lateral stiffness. Different floor structural layouts of tall buildings designed in Sofia, 
Bulgaria are presented on fig. 1 and fig. 2 – Traykov (3).
The functionality and the architecture are the main factors that define the layouts, height and 
appearance of the buildings. Other considerations like financial, town planning parameters of the 
region, site geotechnical conditions, transport access schemes, lifts and other specific requirements 
including the customers’ demand also affect the main building’s parameters.



Figure 1.  Floor layouts of tower type buildings.

Figure 2.  Floor layouts of residential building.
Process of computer modelling
Each civil engineer and each engineering bureau has developed its own approach to the process of 
computer modeling of building construction.
Тhe analysis and design of tall buildings shall necessarily involve the development of various computer 
models. In general, they can be described as follows:
-structural analysis models for vertical loads – these models are used to design the elements of the 
floor structure - slabs and beams, and also the columns that are not considered as part of the 
earthquake resisting system, and-structural analysis models for horizontal, in this case seismic loads.
Types and features of models for vertical loads
It is recommended to develop and use both 2D and 3D computer models for the analysis and design 
of floor structures. Each of these models has its function and the results obtained from the analysis are 
fundamental in the final decision on the parameters of the design for a specific type of elements - slabs, 
beams, walls and columns. Regarding the elements of the floor structures this makes it possible to 
ensure the safety and absence of defects in their elements, as well as to reduce the risk of damage 
due to slabs and/or beams deflections. For 2D as well as for 3D computer models of reinforced 
concrete structures, it is recommended that the analysis be performed with a reduction of the torsional 
stiffness of the beams. When there is no other relevant data, a factor of 0.5 is considered appropriate.
The use of 2D models of the individual floor structures is necessary to avoid the effects of shortening 
columns and walls, which in high-rise buildings significantly change the analysis results. In recent 
years, the consideration of construction stages in the analysis of the structures of tall buildings has 
been increasingly discussed. Тhe latest versions of the most popular software include this possibility 
too. Nevertheless, due to the many factors that influence the results of the analysis, as with any 
nonlinear analysis, this approach should be used with caution in the design of actual structures, mainly 
as a source of additional information.



When developing 2D models of the floor structures, slabs are considered simply supported at the nodes 
of the finite element mesh where the locations of the columns and walls are. Reasonable approximation 
and simplification of the geometry of the floor is not only acceptable but highly recommendable. 
The 3D models used can be complete or partial. Partial models are created for a specific floor level, 
including the vertical elements one floor height above and one floor height below the floor structure in 
consideration.
Complete 3D models include all elements that resist vertical loads and transfer them to the foundations 
of the building. In the complete 3D models, the torsional stiffnesses of the beams are corrected by a 
factor of 0.5, and the stiffnesses for axial forces of the columns are increased significantly. The 
modification factor shall be calibrated with respect to the analysis results of the 2D model but a factor 
of 100 and even greater is appropriate. The axial force stiffness of the walls should also be increased 
to avoid their shortening as well. The purpose is to compensate for the change in results in the slabs 
that occurs as a result of the greater shortening of the columns. In practice, this approach approximates 
the results in the elements of floor structures - beams and slabs, obtained when analyze with 3D and 
2D models. In practice, this approach leads to close results in the elements of floor structures - beams 
and slabs, obtained when calculating with 3D and 2D models.
The intermediate option – using a partial 3D model including, in addition to the floor structure elements, 
the vertical elements for one floor below and above the considered floor slab combines reflecting the 
features of the spatial model behaviour with minimizing the effects of column shortening. How the 
nodes are supported (fixed or simple supports/restraints) of the vertical elements - walls and columns 
at the level of the adjacent floors is not of significant importance for the results in the analyzed slab. 
Since the creation of this type of computer models requires additional time and effort, their use is 
justified for slabs with a complex geometric shape, with irregularly positioned supports, with large 
cantilever parts and other features that require more precise modelling, taking into account the stiffness 
of the support on walls and columns.
The conservative approach is based on using the 2D models of each of the floor structures. The results 
of the other models are used for comparison, analysis and reflection of specific features of the structure 
and its behaviour.

Fig.3 View of 3D computer model with fixed supports
Regarding the support conditions in the complete 3D models, it is also advisable to consider both 
models with all nodes fixed at the foundations level (fig.3)and models where the foundation (usually 
raft foundation or combination of piles and raft foundation) is elastically supported. In the case of the 
latter, the area stiffness values for the soil are taken from the geotechnical report. Usually, elastic 
support is modelled in the vertical direction only. This model is used for the design of the foundation 



structure as well as to estimate the magnitude and nature of settlements. For a more precise 
determination of the size of the expected settlements, additional analyses should be made using 
geotechnical methods and specific software.
Types and features of models for seismic loads
The basic representation of the seismic action in Eurocode 8 (4) and other regulations that follow similar 
design philosophy (Bulgarian seismic regulations) is by an elastic response spectrum. Other 
representations of the seismic action such as time-histories of ground acceleration (or displacement, 
or velocity) are also permissible under certain conditions. The accelerograms could be recorded or 
artificial.
In order to avoid inelastic structural analysis usually an elastic analysis is carried out based on a 
reduced by a factor q response spectrum. That reduced response spectrum is called design spectrum 
and the reduction factor q is called behaviour factor. The determination of the behavior factor is critical 
to ensure the safety of the structure and to perform an analysis and design that complies with the 
norms.
The reference method for the seismic design of the buildings is the modal response spectrum analysis. 
That’s why the application of this method is the subject of discussion in this article. In recent years, 
more and more attention has been paid to various nonlinear analysis methods, but still their practical 
application to the design of tall buildings is limited and auxiliary. Comment on their features, application 
and results is the subject of further consideration and is beyond the scope of this paper.
Correct determination of the behaviour factor q is critical to performing an analysis with a design 
response spectrum that meets the code requirements. In addition to the type of construction, the 
behavioуr factor q value also depends on the so-called regularity checks.
Regularity checks
Most seismic codes prescribe criteria for structural regularity. 
The more irregular the construction of the building, the less the simplifications allowed from the norms 
in the analysis and design. In terms of seismic design, Eurocode defines building structures in  two 
categories – regular or non-regular. Structural regularity checks shall be carried out both in plan and in 
elevation. Depending on whether the regularity criteria are satisfied, it is decided what model of the 
structure should be created and what type of analysis should be performed. If the structure is regular 
in plan that could result in the possibility to create planar model for the analysis. Because for the design 
of tall buildings, three-dimensional computer models are practically always created, if that check is 
satisfied is mainly informative. On the other hand, if the elevation regularity check is not satisfied modal 
analysis shall be carried out and the value of the behaviour factor shall be decreased. It should be 
noted that some of the regularity in elevation criteria do not correspond to the specifics of tall buildings. 
The seismic codes require also that buildings possess necessary torsional stiffness and additional 
torsional flexibility check is necessary to be carried out. That check is rarely satisfied in tall RC buildings 
mainly because of the structural systems that are used for them as for those buildings it is difficult to 
provide main elements resisting the earthquake close to the facades. If that check is not satisfied there 
should be significant reduction of the behaviour factor q.
Center of rigidity
The center of rigidity CR (or center of stiffness CS) is an important concept used in the analysis of the 
buildings. Its determination is especially important in tall buildings. According to EC8 building structures 
in addition to load-bearing capacity and stiffness for horizontal forces, building structures must also 
have adequate load-bearing capacity and torsional stiffness to limit torsional oscillations, which lead to 
uneven distribution of the stress states of individual structural elements.
The center of stiffness is defined unambiguously only for single-story buildings as a point on the 
infinitely rigid in-plane horizontal floor structure at which no rotation occurs when a horizontal force is 
applied in any direction. In single-story buildings, the center of stiffness is defined as the center of 
bending stiffness of the vertical structural elements that resist the seismic forces.
In the case of multi-storey buildings, only approximate definitions of the center of stiffness and the 
radius of torsion are possible.
The general principle for determining the center of stiffness at a given floor level is as follows.
Unit forces in the X and Y directions and unit moment in the Z direction are applied at the center of 
gravity Cmi of the given floor level i.
The rotations of the center of gravity are computed.
Rzx corresponds to force Fx=1, Rzy corresponds to force Fy=1 and Rzz corresponds to moment Mz=1. 
The determination of the coordinates of the center of stiffness CR is carried out as follows XCR=-
Rzy/Rzz and YCR=Rzx/Rzz. Some software calculates the center of stiffness coordinates 
automatically, but with others it is necessary to calculate it manually.
Оn the basis of these data, the torsional deformability check procedure, which is required by most 
modern seismic codes, is carried out. The main steps in this check are as follows:
3D computer model of the structure is created by means of appropriate software. The model is fixed at 
the base and no element stiffness modification is involved. Diaphragms are defined at all floor levels. 



The model is analyzed and the center of stiffness Cri is calculated at each floor level. Some software 
provides that information automatically.
A special joint – point element with the coordinates of the center of stiffness for the corresponding level 
– CRi  is created at each floor level. The point element must also be added to the diaphragm at the 
corresponding level.
At each floor level i unit forces along the X and Y directions and a moment along the Z axis is applied 
in the center of stiffness CRi. Fxi=1; Fyi=1; Mzi=1.
After the analysis of 3*n (n is the number of floors) unit force analysis cases, the displacements of the 
center of stiffness at each floor level are calculated:
• UXi,CRi (the displacement of the center of stiffness at level i in X direction by a unit force applied to it 
Fxi=1);
• UYi,CRi (the displacement of the center of stiffness at level i in Y direction by a unit force applied to it 
Fyi=1);
• RZi,CRi (the rotation of the center of stiffness at level i about the global Z axis by a unit moment applied 
to it Mzi=1);
It is also necessary to check in advance what is the accuracy the software calculates the displacements 
with (how many digits of accuracy), because displacements are of small value and rounding of the 
calculations leads to different and incorrect results. The recommendation is to use displacements with 
at least 10 significant figures.
Determination of the stiffness coefficients/torsion radii rx,i and ry,i for each floor level.
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Different seismic norms provide different definitions for some of the quantities. For example Eurocode8 
defines the torsion radius rx as the square root of the ratio of the torsional stiffness to the translational 
stiffness in the y direction, whereas according to other norms (Bulgarian) the floor stiffness coefficients 
rx and ry are determined by the formulas:
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where
Kx and Ky are the storey bending stiffnesses of the seismic resisting structure below the considered 
storey, respectively in X and Y direction.
Kt is the storey torsional stiffness of the seismic resisting structure below the considered floor relative 
to the center of stiffness; in the calculation of Kt, it is assumed that the inherent torsional stiffness of 
the individual structural elements is negligibly small and approximately equal to zero.
The stiffness coefficients Kx, Ky and Kt are calculated for uncracked concrete sections by the formulas:
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where
Kx,i and Ky,i are the bending stiffness coefficients of the individual vertical structural elements (walls 
or frames) below the considered floor level, respectively in the x and y directions;
xi and yi are the distances from the own axes of the i-th considered vertical element to the center of 
the stiffness at the corresponding floor level;
n is the number of vertical structural elements provided in the computer model to resist the seismic 
action.
The following quantities are calculated from the modeling software:
-the mass moment of inertia relative to the center of mass for each floor level (Mass Moment of Inertia) 
– Io
- m – the mass of each floor level;
The radius of inertia of the floor mass is then calculated according to:
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For that quantity according to EC8 Is is the radius of inertia of the mass of the floor structure in plan 
(square root of the ratio of the polar moment of inertia of the mass of the floor structure in plan with 
respect to the center of mass of the floor structure to the mass of the floor structure) while according 
to other (BG) seismic norms Iok is the floor mass moment of inertia relative to the center of mass:
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where
ai,k – the distance from the mass mi to the center of the masses of the considered floor level k;
m is the floor mass.
And finally, the torsional flexibility check is carried out:
The structure is torsionally stiff if the following checks are satisfied for each floor level:

, ,

, ,

x i s i

y i s i

r I
r I



EC8 and other seismic codes require the computer model of the building to adequately represent the 
distribution of stiffness and mass. In reinforced concrete buildings, the stiffness of the elements reflect 
the presence of cracks. If there is no more precise information or other considerations, it is 
recommended the flexural and shear stiffness of the cracked elements to be equal to the half of the 
stiffness of uncracked elements. That is the reason why appropriate stiffness modification shall be 
carried out in different structural elements.
Critical zone
Eurocode 8 and other seismic norms define the critical zone of the elements resisting the seismic action 
depending on different factors. As a result, the height of the critical zone for the shear walls is equal to 
the height of one or two floors, in the case of tall buildings - two floors. However, the choice of critical 
zone location is left to the discretion of the designer. The main consideration is that this is where the 
bending moments in the walls from the seismic action are greatest. This is the zone of maximum 
bending moments, and it is also where seismic energy dissipation and plastic joint development occur. 
In case the building has a so-called rigid basement, the maximum moments and, accordingly, the 
critical zone are the floors above the basement, i.e., where the basement walls end. Usually this is the 
case when the basement is closed with walls around the entire perimeter of the underground part of 
the building. This is usually the case with tall buildings. In the absence of basement walls, the critical 
zone is the floors above the fixing of the shear walls at the raft foundation of the building. However, in 
certain cases, when part of the basement walls are missing - for example, in the case of underground 
parking lots with an area larger than the footprint of the tall building, the maximum bending moments 
from the seismic action occur at different places along the height of the different shear walls. Norms 
do not give an unequivocal answer as to how the position of the critical zone should be taken in such 
situations - whether in one place for all walls or for each wall differently, depending on the maximum 
bending moments.
Modification of stiffness in other structural parts and elements
The change of stiffnesses for vertical elements is done only in the critical zone. In the remaining floors, 
the coefficients (modification factors) for walls and columns stiffnesses remain equal to 1.
With a critical zone selected, the modified stiffnesses are as follows:
- for area (shell) elements that are used for the shear walls – the three membrane and three bending 
stiffnesses are modified with a factor equal to 0.5.
- for columns modelled with frame finite elements – the bending and shear stiffnesses are modified 
with a coefficient equal to 0.7, and the torsional stiffness – with a coefficient equal to 0.2.
- for beams modelled with frame elements - at all floor levels - the bending and shear stiffnesses are 
modified by a factor equal to 0.5, and the torsional stiffness by a factor equal to 0.2.
-slabs – modelled with area finite elements. At all floor levels, bending and shear stiffnesses are 
modified by a factor equal to 0.2-0.3.
The significant reduction of the stiffness of the structural elements of the floors, which is especially 
important for the slabs, aims to reduce their contribution in resisting the seismic forces. Thus the 
internal forces due to the seismic action is redistributed to the primary elements designed to resist the 
seismic action – cores, shear walls and frames. This is especially important when flat slabs are 
designed. On the other hand, the reduction of the stiffness of the elements of the floor structures is in 
many cases due to defects - deflection and cracks due to vertical loads. In most cases, these damages 
are present at the time of the seismic impact. In such cases, the reduced stiffness reflect the actual 
condition of the elements and not only serve to increase the safety of the structure.
Modelling of plastic joints in beams
Modelling plastic joints in beams can be done for various reasons. The most common are:
-Redistribution of internal forces in the elements designed for resisting the seismic action.
-Taking into account the reduced stiffness of the elements where nonlinear material behaviour is 
observed due to concrete cracking and yielding of the reinforcement in the most stressed sections. The 
reduced stiffness results in decrease of internal forces of the particular element and an increase in the 
displacements of the building.



- In case of very large internal forces in elements that the cross-section is unable to resist, in order to 
reduce the forces in the specific element at the expense of their increase in the neighboring ones.
Modeling is done in two main ways:
- Reduction of element stiffness at the column-beam connection
- Reducing the stiffness of the whole element.
The idea of reducing the stiffness of the column-beam connection is presented on the next figure.

Conclusions
1.The requirements of the seismic codes are decisive for the type and the design parameters of of tall 
buildings.
2. The main regulatory framework - norms and regulations - do not reflect the specific features of tall 
buildings. That is why the requirements for the knowledge and responsibility of the structural engineers 
significantly increase.
3. The analysis and design of tall buildings is an iterative procedure that involves the use of various 
computer models.
4.At present the application of nonlinear analysis should be in addition to the reference method of 
modal response spectrum analysis of structures under seismic action.
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