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The debatable issue of column size reduction ratio, along the height of a building, in the
routine work of design in the Egyptian Code is investigated and evaluated in this research. In
the philosophy of earthquake-resistant design provisions, the structural system should resist
the average expected ground motion excitation without any destruction and should be able to
response to severe earthquake with partial damage but without complete failure. To structure
should be able to use its maximum strength efficiently during severe earthquakes. However,
the current international design procedures; especially the Egyptian Code; do not insure that.
The column size reduction ratios along the heights of the buildings are based on the
consensus of engineering judgements. Although most of designers reduce column size based
on gravity loads only, information regarding the rational behind this is sne is scant and
debatable. In order to investigate that, three reinforced concrete buildings of regular
configurations are designed representing mid-rise and high-rise structures. Mathematical
models have been developed. An iteration procedure is considered to obtain the optimized
system, which allow the building to use its maximum strength efficiently. The study
concludes that upper bounds on the column size reduction ratio should be implemented. It is
recommended that for mid-rise buildings, the stiffness of the columns of the first two lower
levels above the ground level should be kept constant at least 88% of that of the ground level.
Then for the rest of the stories, column stiffness should be kept constant at least 80% of that
of the ground level. It is also recommended that for high-rise buildings a reduction step in the
sizes of column cross-sections after the first two lower levels can be made. The reduction in
the stiffness of the columns should not be more than 28% of that of the columns of the
ground level. However.
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1. Introduction

In earthquake design procedure, the
strength of the structural system is mainly
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presented by the base shear capacity of the
system. The system reaches its maximum
shear strength when its destruction under
severe ground excitation is global. The aim of
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seismic design when the integrity of the
structural system is considered is to have
failure at the base of the building when
subjected to severe ground motion. Therefore,
it is required for any structural system that
beams rather than columns are elements best
suited to tolerate large inelastic deformations
without failure and to absorb and dissipate
the largest share of seismic energy imparted to
the structure. This leads to the widely
accepted strong column-weak beam concept
in which the members are sized such that
plastic hinges will occur in the beams rather
than in the columns, except at the base of the
building. To achieve that, the girder member
should be chosen to have a plastic moment
capacity less than the summation of the
plastic moments associated with the columns
into which it is framed. As can be seen from
fig. 1, the relationship between the plastic
moments capacity of the columns and those of
the girders can be stated as:

Sum (Mpc) > Sum (Mpyg). (1)

By reviewing the behavior of buildings
designed according to the current Egyptian
Code [1], as will be seen in this research, it
can be recognized that in all designed cases,
buildings fail at different floor levels but not at
the base. It should also be mentioned that this
defection in the design procedure does not
belong to the Egyptian Code only but it is also
found in other international codes [2,3].

Performances of several buildings designed
using different codes; structures introduced
by other authors; were evaluated in using
their maximum strength during severe ground
motions. The first one is an eight-story five-
bay building presented by Abdelrahman et al
[4] and designed according to the Egyptian
Code of 1970 [5]. The fundamental natural
period was 1.0 seconds. The second one is a
ten-story one-bay building presented by
Anderson and Bertero [6]. This building was
designed in accordance with the Uniform
Building Code of USA (UBC Code) [7]. The
fundamental natural period was 2.11 seconds.
A twelve-story one-bay building presented by
Assaf [8] is chosen as the third building. This
building was designed according to the
National Earthquake Hazards Reduction

Program (NEHRP Code) [3]. The fundamental
natural period was 1.9 Seconds. The fourth
one is twelve-story five-bay building
introduced by Mashaly and Elkordi [9] and
designed according to the Egyptian Code for
Practice and Design (ECPD Code) of 1989 [10],
The fundamental natural period was 1.4
seconds. The evaluation of the performance of
all these buildings shows that no building fails
after using its maximum strength efficiently,
local failure [4,6,8,9].

The aim of the work conducted in this
research is to highlight the importance of the
issue of the column size reduction ratio along
the height of the structure and to show its
effect on the structural behavior. Recomme-
ndations have been proposed for upper
bounds on the column sizes reduction ratios
as design provisions to be considered in the
Egyptian Code.

2. Design criteria

The purpose of any design criteria is to
insure that the structural system stands
safely against the design loads during its
lifetime. Moreover, in earthquake-resistant
design philosophy, the structural system
should resist the average expected earthquake
without any destruction and should be able to
response to severe ground excitation with
partial damage using its maximum supplied
strength.

The effect of earthquake forces is
considered in the design routine according to
the Egyptian code by using the equivalent
lateral force method. The under estimation of
these forces [11] however, leads that the
column sizes are not affected by earthquake
forces. Therefore, designers are used to reduce
the sizes of the columns based on the
designed gravity loads only. This design
procedure could lead to a significant reduction
in the lateral stiffness of the structure along
the height of the system. It also reduces the
over-strength factor (O.S.F) of the structural
system significantly. The over-strength factor
is defined as the ratio between the designed
base shear and that just before failure. This
defect in the routine work of design is because
the integrity of the structural system is not
considered explicitly. Therefore, the overall
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behavior of the structural system is not visible
and not predictable.

If the system fails at one of the lower
levels; the specific number depending on the
total number of stories of the buildings; the
over-strength factor of the structural system
could be reduced significantly compared to the
case of global failure [9]. Therefore, in order to
maximize the over-strength of the system,
failure should not occur at any floor but at the
base. However, The current design procedure
leads very likely to partial failure.

3. Examined buildings and mathematical
models

Three reinforced concrete buildings of
regular configurations are designed and
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considered i this research. The three
buildings are designed as moment resisting
frames according to the current Egyptian Code
[1] presenting mid-rise and high-rise
buildings. The three buildings are shown in
fig. 2. The first one is an eight-story three-bay
building, which represents mid-rise buildings.
The second is a twelve-story three-bay
building and the third one is a sixteen-story
three-bay building, which represents high-rise
buildings. The three buildings are chosen to
have the same number of bays to eliminate
the effect of number of bays on the studying
parameters. The span of each bay is equal to
4.5 ms., the height of each floor is equal to 3.0
ms., and the spacing between each frame is
taken as 4.5 ms. Their fundamental natural
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Fig. 1. Free body diagram of column-beam joint.
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Fig. 2. The three considered buildings.
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periods are calculated as 1.2, 1.72, and 2.25
seconds, respectively.

A mathematical two-dimensional model is
constructed for each building. Joint size is
ignored but shear deformation of all the
members is considered. Beam-column element
is considered in modeling the members. In
calculating the yield surface for columns, the
interaction of the moment and axial force is
considered. While in calculating yield surface
of the beams, axial force is ignored. Yielding
considered taking place and plastic hinge form
when the calculated internal forces lie on or
outside the designed yield surface. Dynamic
characteristics and structural response are
computed. In studying the inelastic behavior
of the buildings, the initial stiffness of the
members is considered as half of the
calculated stiffness. This is done because
cracks take place as the structure responses
inelastically and its cross-sections deteriorate
until failure. This assumption was made
based on previous experimental result [12].
The mass of each structural system is
considered lumped at the nodes. Damping
ratio for the dynamic analysis is chosen as 5%
of critical. The computer programs DRAIN-
2DX and SNAP-2DX are used in performing
these analyses [13,14].

4. Method of analysis

To investigate the issue of the column size
reduction ratio and to recommend a lower
bound on ratio of the column size to the base
column size in the design procedure, two faces
of study are performed. In the first face of
study, each building is modeled and its
dynamic characteristics are obtained. Static
analysis is performed using the seismic loads
of the Egyptian Code [15] (Equivalent Lateral
Force Method). The lateral loads can be
calculated according to the code as follows;

V = ZIKCSW. (2)

In which Z, I, K, and S are defined as the
zoning, the importance, the soil, and the
structural system factors respectively, Values
of these parameters can be found in ref. [15].
C is defined as the construction system factor
and can be calculated as follows;

C=1/(15T? <0.12. (3)

In which T can be calculated as;
T=0.1N, 4)

for moment resisting frame system. Where N
is the number of story. W is the designed
weight of the building and equal to the dead
loads for buildings which are designed for live
loads not more than 500 kg/m2 (the
considered case). Lateral loads are increased
monotonically until failure occurs.

It should be mentioned that the only
restriction given by the code that might affect
the column size is the story drift ratio. The
story drift ratio is defined as the difference in
the lateral displacement between the top and
the bottom of a story divided by its height. As
stated in the code, the story drift ratio should

not exceed certain limit (0.5%) [1]. This limit

however is non-conservative and the author in
ref. [11] recommends that it needs to be
reduced. This means that the code restriction
on the drift limit is always satisfied no matter
the reduction in the lateral stiffness would be.
The lateral deflection of the roof is
inversely proportional to the lateral stiffness.
The relationship between roof deflection and
lateral stiffness can be written as follows;

Oroof ¢ 1 / Ie. (5)

Where 6:00r is the roof deflection and I. is an
index represents the lateral stiffness of the
structure. As can be seen from eq. (5), the roof
deflection decreases as the lateral stiffness
increases. Assuming that the story drift index
is constant along the building height, the story
drift (A) is also inversely proportional to I. as
follows;

A= (Argot /[ N)x 1 / L. 6)

Where the number of stories N is constant.
When the story drift controls the design, the
lateral stiffness that is required for the
columns is constant. Therefore, the lateral
stiffness reduction along the height of the
building should be minimal.

Based on that, in the second face of study,
an optimization operation is made to examine
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the effect of reduction of the column size along
the height of each building on its behavior.
The purpose of this optimization operation is
to obtain the system, which has the minimal
lateral stiffness that allows the building to use
its maximum supplied strength efficiently.
This is done first by modifying the structural
system of each building so that its columns
have constant cross-section along the height
equal to that of the ground floor level. Lateral
loads are increased monotonically until failure
occurs and maximum strength is calculated in
which system is forced to fail at the base.
Then, a rate of change in the ratio of column
reduction stiffness equal to 2% of that of the
ground level is considered. An iteration
process is considered so that the maximum
strength of the building does not reduce and
building should fail at the base. The system
with the minimal lateral stiffness that kept
failure at the base and the maximum strength
equal to that of the system with constant
cross-section is the one required. The
structural behavior of the optimized system is
evaluated.

The system over-strength is calculated for
each optimized system and compared to that
of the designed one. Story drift ratios and
displacements are calculated for the designed
buildings and the optimized ones.
Comparisons are made at several degrees of
severity of seismic loads between story drift
ratios, system over-strength, and story
displacement of the optimized systems and
those of the originally designed ones.

Dynamic analysis is also performed and
the seismic behaviors of the three buildings
are examined under several level of severity of
earthquake forces using two ground motion
excitation records. For each earthquake
record, comparisons are made between the
behaviors of the optimized systems of the
three buildings and those of the original ones.

5. Results of analysis

Table 1 shows a comparison between the
fundamental periods of the originally designed
systems and those of the optimized ones for
the sixteen-story, twelve-story, and eight-story
buildings. As can be seen, the fundamental

periods of all optimized buildings are less that
of the original ones. This concludes that the
optimized systems are stiffer than the original
ones. This conclusion can be justified by the
fact that the optimized systems have less
reduction in the column sizes than the
original ones. Therefore the deformation of the
optimized structural system is less than that
of the original one when they exposed to the
same level of lateral severity as will be seen in
the figures. The table also shows the periods
of the original and optimized systems of all
buildings just before failure. As can be seen,
the period of the original and optimized
systems for each building are almost the
same. This may conclude that the two systems
are dissipating the same amount of energy
before failure but the optimized systems are
more efficient as can be seen from the last
comparison in the table. The over-strength
factor of the optimized system is greater by
25% of that of the original ones.
Notwithstanding, the over-strength of the
optimized system can be much greater
compared to that of the originally designed
system based on the design criteria considered
in reducing the column size along the height
of the original building.

Fig. 3 shows a comparison between the
mode of failure of the original and the
optimized system of the three considered
buildings. As can be seen from the figure, no
building of the original system of the three
buildings are failed using its maximum
strength efficiently, local failure.

Fig. 4 shows the lower bound of the lateral
stiffness along the height of each building. In
the figure, the stiffness of the ground columns
is the reference considered that compared to
the others along the height. As can be seen,
for the sixteen-story building, the lower bound
of the column stiffness ratio is obtained by
keeping the stiffness of the columns of the
ground level and the one above constant. Then
in the next eleven stories, column stiffness
should be kept constant at least 68% of that of
the ground level. However, other reduction
could be made for the top three levels; the roof
and the two below; and column stiffness
should be at least 54% of the ground.

Alexandria Engineering Journal. Vol. 41, No.3, May 2002 517



E. Elkordi / Seismic provisions for the Egyptian building code

Table 1
Periods and over strength of original and optimized buildings
Fundamental Period just Over strength
period (sec.) before failure factor
N6 2 oty Original 2.28 1400 3.51
3 - bay Optimized 2.19 1560 3.96
12 - story Original 1.72 1150 4.11
- b
i Optimized 1.61 1190 4.56
8 - story Original 1.21 826 5.0
3 - bay LS
Optimized 1.05 820 6.23
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Fig. 3. Comparison between mode of failure of original and optimized building.
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For the twelve-story building, the lower
bound of the column stiffness ratio can be
obtained by keeping the stiffness of the
columns of the first two lower levels constant
as that of the ground level. Then in the next
seven stories, column stiffness should be kept
constant at least 72% of that of the ground
level. However, anther reduction could be
made in the stiffness of the top three levels,
the stiffness of these levels should be at least
66% of the ground stiffness.

For the eight-story building, which
represents mid-rise buildings, the lower
bound of the column stiffness ratio is obtained
by keeping the stiffness of the columns of the
first two lower levels above the ground level
constant at least 88% of the stiffness of the
ground level. Then for the rest of the stories,
column stiffness should be kept constant at
least 80% of that of the ground level.

Comparisons between story displacements
and story drift ratios of the original building
and those of the optimized ones of the three
buildings are shown in figs 5 to 10. These
comparisons are made for two levels of ground
severity. One is made for the Egyptian Code
requirement level and the other comparison is
made at the severity level just before that
which fails the original system. As can be
seen, at the level of code load, the
displacements of the optimized system are
reduced up to almost 60% of that of the
original system. At the severity level just
before failure of the original system, there is a
very significant reduction in the story
displacements especially at the top floors. The
story displacements of the optimized systems
are reduced in some cases up to 25% of that
of the original ones; see figs (5,7 and 9).
Moreover, the stories drift ratios at the code
load level of the optimized system reach up to
50% of that of the original one at the roofs. At
the severity level just before failure of the
original systems, there is a very significant
reduction in the story drift ratios especially at
the top floors. The story drift ratios of the
optimized systems reach up to 25% of that of
the original ones especially at the top floors;
see figs (6,8 and 10).

For the three considered buildings, each
building is subjected to three levels of severity
of two earthquakes, namely; El - Centro and

Loma Perieta ground motions. This analysis
leads to eighteen cases of study. The
envelopes of the story displacements of the
three original buildings and the three
optimized ones when subjected to three levels
of severity (0.15g, 0.30g, and 0.45 g) of the two
earthquakes are shown in fig. 11 through fig.
16. As can be seen from the figures, there are
significant improvements in the dynamic
responses of the optimized systems compared
to those of the original ones as the degree of
severity increases especially at the floors
where the failure of the original system is
initiated. The figures conclude that the
significance of the optimized system is not
only by allowing structural system to used its
maximum strength to resist severity of
unexpected forces but it also improves the
behavior of the system. Since the story
deformations of the optimized systems are in
general less than that of the original ones at
the same level of severity, the construction of
the optimized system could be very helpful in
reducing the effect of pounding of adjacent
buildings [19].

6. Conclusions

The issue of column size reduction ratio in
the Egyptian Code is investigated and
evaluated in this research. An upper bound on
the reduction in the column size along the
height of such a building is proposed. Three
reinforced concrete buildings of regular
configurations are designed and used in this
analysis. Mathematical models for the three
buildings; sixteen-story, twelve-story, and
eight-story buildings, are constructed. An
optimized procedure is used to obtain an
upper bound for the column size reduction
ratio that can be used in the design routine
work. Static and dynamic analyses are
performed for the originally designed systems
and the optimized ones in this study. The
equivalent static load pattern of the Egyptian
Code is used to perform the static analysis.
Two ground motion excitations are used at
three degrees of severity (0.15g, 0.3g, and
0.45g) to perform the dynamic analysis.
Comparisons are made between story
displacements and story drift ratios of the
originally designed systems and the optimized
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ones. Comparisons between the structural
over-strength factor of the original and
optimized buildings are made.

The study concludes that the over-
strength of the optimized system increases
significantly compared to that of the original
system (25% increase). However, The exact
amount of increase in the over-strength factor
depends on the parameters considered in the
design procedure. The study also concludes
that the column size reduction ratio has a very
significant effect on the structural behavior
under the designed loads and uncertainty
forces. The analysis shows that the optimized
system improves the behavior of the designed
building significantly. The analysis also shows
that the optimized system allows buildings to
use its maximum strength efficiently to resist
severe earthquake excitations.

. The work presented in this research
proposed that for high-rise buildings,
reduction could be made in the stiffness of the
columns in levels above the first two lower
ones. However, this reduction should not be
more than 28% of the stiffness of the columns
of the ground level. Moreover, for the last
three levels, the roof and the two below, other
reduction can be made in the stiffness of the
columns of these levels but should not be
more than 34% of that of the columns of the
ground. For mid-rise buildings, reduction can
be made in the stiffness of the columns in the
two levels above the first one. This reduction
should not exceed 12% of the stiffness of the
columns of the ground level. However, the
stiffness of the columns above these three
levels should be kept constant and not less
than 80% of that of the column ground level.
It is recommended that these proposed upper
bound on column size reduction ratio should
be considered in the routine woke of design.
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