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ABSTRACT

A real residential building consists of 15 stories which have been built in Cairo — Egypt is studied against lateral loads, also the
linear analysis repeated for the same building after increasing the number of repeated stories reaching 30, 45 and 60 stories,
using two lateral load resisting systems which are outriggers and bracing systems. The ETABS 2015 program is used to analyze
all the buildings by the Egyptian, European and American codes. The most common high rise buildings in Egypt consists of 15 to
30 stories, so linear analysis was conducted to the 30 stories building using Egyptian, European and American codes but in
different region and soil type than what they were studied. Seismic demands were studied are the base shear force resulted from
the seismic loads on the structure, the inter-story drift between the stories of the structure, the maximum displacement of the
structure and the weight of reinforced concrete and steel bracing in the structure. Finally, the nonlinear analysis applied to the 30
stories building. It is concluded that the Egyptian code gives base shear, maximum displacement and total weight of the building
more than that of the European and the American codes, the buildings contain outriggers and belts system have more weight than
building contain bracing system while the both have the safety requirements for the building, the total weight of the building
increased slightly by changing the region of the building from the seismic region to higher seismic region while the quantity of the
lateral load resisting system increased extremely, finally the nonlinear analysis of the buildings give near results to the linear
analysis so the linear analysis can be dependable.

.Key Words: High rise buildings, Lateral Loading Systems, Outrigger and Belts, Bracing, Lateral Loads, Earthquakes.

1. INTRODUCTION

In the recent years, Civilized societies desired to have high and ultra-high rise buildings to show their high extent of knowledge in
civil engineering technology, to encourage the tourism in their countries and to increase the habitants in prime city locations by
vertical extension. Lateral loads are the main problem facing these structures. Codes of many countries describe different methods
for calculating and analyzing loads on buildings and also give provisions and limitations for loads and displacements due to lateral
loads which will be discussed in this thesis.

Lateral load resisting systems are used to resist lateral loads in high and ultra-high rise buildings such as frames, shear walls,
bracing and dampers. In Egypt, the frames and shear walls are the most used lateral load resisting systems while the other systems
are rarely to be used, So in this thesis linear and nonlinear structural analysis will be conducted to high rise building contain lateral
load resisting systems other than frames and shear walls, and the analysis will be prepared using different codes requirements and
provisions.

www.ijasre.net Page 197

Licensed Under Creative Commons Attribution CC BY-NC4



http://ijasre.net/
http://ijasre.net/
http://doi.org/10.31695/IJASRE.2019.33229
http://www.ijasre.net/
https://www.google.com/search?q=Licensed+Under+Creative+Commons+Attribution+CC+BY&oq=Licensed+Under+Creative+Commons+Attribution+CC+BY&aqs=chrome..69i57&sourceid=chrome&ie=UTF-8
http://www.ijasre.net/

International Journal of Advances in Scientific Research and Engineering (ijasre), Vol 5 (5), May-2019

2. OBJECTIVES AND SCOPE

In this thesis, structural analysis for buildings consists of 15,30,45 and 60 storeys were made by ETABS (Extended Three
Dimensional Analysis of Building Structures) Program to fulfill these objectives:
1. Areview of the different structural systems used in constructing high and ultra-high rise buildings will be conducted.
2. The role of frames, structural (shear) walls, outriggers and lateral bracing systems in resisting lateral loads will be studied
and presented.
3. Linear and nonlinear structural analysis of selected case study involving different configurations and specifications of
these systems will be performed using Egyptian, European and American codes.
4. Different codes requirements for evaluating lateral loads acting on such structures will be discussed.
5. Different code limitations on lateral deformations will be checked against the suggested configurations.

3. CASE STUDY

3.1 Case study configuration
The case study is a residential structure built in Cairo- Egypt consists of 15 storeys. The building consists of 15 storeys which are

2 basement, ground storey,1st storey, 8 repeated storeys, 10th storey, roof storey and upper roof rooms. The case study is shown
in figure 1.

W ) !
\ 4
T
r A
e
Y

&
A \:f~ ~ N

.
3

Y

770

> 4 ( - 1
£

AN

B
g
i
w214,

Figure 1: 3D view for the 15 storeys building which built in the reality
3.2 The linear analysis of case study

Linear analysis is applied on the case study and also after increasing number of storeys of the building to be 30,45 and 60 storeys
with specifications of Egyptian code for Loads and Forces 2012 (ECLF 2012), Eurocode 8: Design of structures for earthquake
resistance 2004 (Eurocode-8-2004) and American Society of Civil Engineering 2010 (ASCEQ7-10). Linear analysis applied using
response spectrum method.

The building contains shear wall frame system that resist lateral loads. In this thesis, the building design was checked against
lateral loads acting on it and then the structural analysis was prepared for the building after increasing the number of storeys to be
30, 45 and 60 storeys. The analyzed buildings had the same architectural plans except that the number of typical storey increased.

The structural design of these buildings was prepared in two steps. The primary stage which is design the building according to
the vertical loads only, and then the secondary stage which is adding lateral loads and ensure withstanding these loads by shear
wall frame system, and if shear wall frame system couldn’t hold out the lateral loads, two other lateral load resisting systems were
added which are the outrigger and belt system and the bracing system, and each of these systems used individual in addition to the
shear wall frame system. The structural analysis of all buildings prepared by The ETABS program.

The outrigger and belt system is made up of reinforced concrete and it can be fabricated in site as like as beams, so this system can
be built easily. Specific storeys in the building used to retain outriggers and belts (outriggers and belts storeys), and a lot of
researches were conducted to identify the optimum position for these storeys, and many of these researches agreed on putting
these specific storeys in positions which divide the height of the building in to equal parts having the same number of storeys. The
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number of outriggers and belts storeys depend on the magnitude of lateral loads acting on the building, and this number of
outriggers and belts storeys determined by trial-and-error approach as the following: Adding one outriggers and belts storey in the
building and run the structural analysis, and if this outriggers and belts storey didn’t give the building sufficient stiffness to resist
the lateral loads then another outriggers and belts storey will be added and run the structural analysis and so on.

The outriggers and belts were put and arranged in each storey according to the architectural design, and these outriggers and belts
replace some beams so that the beams which connect between some columns and shear walls each other will be replaced by belts,
and the beams which connect columns or shear walls with cores will be replaced by outriggers.

The clear height of the storey contains outriggers and belts is small due to outriggers and belts have large depth, which make the
storey unusable and the architects reject it, so that the height of this storey larger than the other storeys to give it acceptable clear
height, and after the finish of the construction, an artificial cladding will be used to cover the outriggers and belts from the bottom.
The width of the outriggers and belts is large to withstand the shear loads, preventing nesting of the concrete and to facilitate the
fabrication of it.

The bracing system used is made up of steel, and the X-bracing type is used which consists of two steel I-beam sections
intersecting each other in every storey. The X-bracing type is chosen because it can be installed easily using small amount of bolts
and welding. The steel I-beam sections have high stiffness comparable with their small area. The bracing system connect columns
and shear walls with each other, and this system used beside the shear wall frame system to resist lateral loads. The bracing
system connect columns and shear walls at joints ( the point of intersection between columns or shear walls with beams or slabs),
so the connection will be more stiff and the sway of storeys decreased.

The composite columns or composite shear walls were connected with the steel bracing at the steel section inside the composite
column or the composite shear wall, using welding and bolts, then the concrete is casted in the composite column or the composite
shear wall. When concrete column or concrete shear wall is connected steel bracing, a steel section is installed inside the column
or the shear wall had the same section of the steel bracing in the first, then the connection is made between the installed steel
section and the steel bracing using welding and bolts, and finally the concrete is casted in the column or the shear wall.

The bays between columns and shear walls inside the building were crowded by obstacles such as corridors or door openings, so
the bracing system made at the outer sides of the building and this type of bracing system called outer bracing system. There is no
columns or shear walls at the front side of the building to put outer bracing between them, and the outer bracing at the back side
wasn’t enough to resist lateral loads alone, so the five columns which were located near to the front side were moved to outside, to
be at the front side to give the possibility of making the outer bracing at the front side of the building.

The trial-and-error approach was used to determine the number of bays used at each side of the building to make the outer bracing
and the amount of steel sections used in the outer bracing, depending on the amount of the lateral loads acting on the building. The
connections between steel bracing with each other were made using welding and bolts.

3.2.1 Numerical results discussion
The analysis results in terms of weight of the structure, the base shear and the maximum displacement are presented.
3.2.1.1 The weight of the case study buildings according to the three codes used

When the base shear increased, the volume of the lateral load resisting elements increased causing increase in the total weight of
the building. The ECLF 2012 code had the largest base shear then the Eurocode-8-2004 code and finally the ASCE07-10 code had
the smallest base shear. So the weight of building designed according to the ECLF 2012 code is the greatest after that the building
designed according to the Eurocode-8-2004 code and finally the building designed according to ASCE07-10.

The weight of the 15, 30, 45 and 60 storeys buildings according to the ECLF 2012, the Eurocode-8-2004, and the ASCE07-10
codes is shown in table 1. The Egyptian code gave weight greater than Eurocode-8-2004 code and ASCE7-2010 code by
approximately 2% and 6% respectively in the 30 storeys building contain outriggers and belts system, while The Egyptian code
gives steel bracing weight approximately equal two times that of Eurocode-8-2004 code in the 30 storeys building contain outer
bracing system.

The Egyptian code gave weight greater than Eurocode-8-2004 code and ASCE7-2010 code by approximately 14% and 13%
respectively in the 45 storeys building contain outriggers and belts system, while The Egyptian code gave steel bracing weight
extremely larger than that of Eurocode-8-2004 code in the 45 storeys building contain outer bracing system.
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The Egyptian code gives weight greater than Eurocode-8-2004 code and ASCE7-2010 code by approximately 13% and 20%
respectively in the 60 storeys building contain outriggers and belts system, while The Egyptian code gives steel bracing weight
extremely larger than that of Eurocode-8-2004 code and that of ASCE7-2010 code in the 60 storeys building contain outer bracing
system due to the allowable inter storey drift of the Eurocode-8-2004 code and that of ASCE7-2010 code is larger than that of the

Egyptian code.

The cost of the building increased as its weight increased, so the building designed according to the ECLF 2012 code had the

greatest cost.

Table 1: The weight of the 15, 30, 45 and 60 storeys buildings according to the ECLF 2012, Eurocode-8-2004, and the
ASCEOQ7-10 codes

Quantites
Number of Stories 15 Stories 30 Stories 45 Stovies 60 Stories
Structural System Qutriggers System Outer Bracing System Outriggers System Outer Bracing System Outriggers System Outer Bracing System
RC Weight ) RCWeght |Beacing Steel Weightt, AL Weight Seacing Stee! RCWeight RCWeight | Bracing Steel Weight
R.CWe t R Weight
Cose fen] i ) N e | ooy | oo o) )

ECLF 2002 86,7 19765.5 1835438 618 3.1 3s8n 397m 6785682 £1584.825 037.108
turocodes-2004 Be.? 19386.34 188534 an %638 331244 11835 HOINS3 55840287 758485

ASCEOT-10 80067 18510.57 2647.38 566549 5597206 5987

3.2.1.2 The maximum base shear results of the case study buildings according to the three codes used

The base shear for the all buildings in the X and Y directions were shown in figure 2 and figure 3 respectively. The Egyptian code
gives base shear greater than Eurocode-8-2004 code and ASCE7-2010 code by approximately 11% and 15% respectively in the 15
storeys building which is a little difference.
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Figure 2: The base shear of the 15, 30, 45 and 60 storeys buildings in X-direction according to the ECLF 2012, Eurocode-
8-2004, and the ASCEQ7-10 codes
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Figure 3: The base shear of the 15, 30, 45 and 60 storeys buildings in Y-direction according to the ECLF 2012, Eurocode-
8-2004, and the ASCEOQ7-10 codes

The Egyptian code gives base shear greater than Eurocode-8-2004 code and ASCE7-2010 code by approximately 15% and 19%
respectively in the 30 storeys building contain outriggers, while The Egyptian code gives base shear greater than Eurocode-8-2004
code and ASCE7-2010 code by approximately 17% and 14% respectively in the 30 storeys building contain outer bracing system.

The Egyptian code gives base shear greater than Eurocode-8-2004 code and ASCE7-10 code by approximately 33% and 27%
respectively in the 45 storeys building contain outriggers and belts system, while The Egyptian code gives base shear greater than
Eurocode-8-2004 code and ASCE7-2010 code by approximately 30% and 18% respectively in the 45 storeys building contain
outer bracing system. The Egyptian code gives base shear greater than Eurocode-8-2004 code and ASCE7-2010 code by
approximately 29% and 27% respectively in the 60 storeys building contain outriggers and belts system, while The Egyptian code
gives base shear greater than Eurocode-8-2004 code and ASCE7-2010 code by approximately 24% and 25% respectively in the 60
storeys building contain outer bracing system.

In the three Codes, the buildings contain outer bracing system gives the lower base shear force than the buildings contain
outriggers and belts system because the outer bracing system has weight lower than the outriggers and belts system.

3.2.1.3 The maximum storey displacement results of the case study buildings according to the three codes used

The maximum displacement of the buildings in the X and Y directions is shown in figure 4 and figure 5 respectively.

In the 15 Storeys building, the maximum displacement from the ECLF 2012 is greater than that from the Eurocode-8-2004 and
ASCE7-10 by approximately 9% and 23% respectively. In the 30 storeys building contain outrigger and belt system, the
maximum displacement due to the ECLF 2012 is greater than that from the Eurocode-8-2004 by approximately 4% and smaller
than that from and ASCE7-10 by approximately 3% respectively. While in the 30 storeys building contain outer bracing system,
the maximum displacement due to the ECLF 2012 is greater than that from the Eurocode-8-2004 and ASCE7-10 by
approximately 11% and 10% respectively.

In the 45 storeys building contain outrigger and belt system, the maximum displacement due to the ECLF 2012 is greater than that
from the Eurocode-8-2004 by approximately 7% and smaller than that from and ASCE7-10 by approximately 14%. While in the
45 storeys building contain outer bracing system, the maximum displacement due to the ECLF 2012 is greater than that from the
Eurocode-8-2004 and ASCE7-10 by approximately 3% and 17% respectively.

In the 60 storeys building contain outrigger and belt system, the maximum displacement due to the ECLF 2012 is greater than that
from the Eurocode-8-2004 and ASCE7-10 by approximately 3% and 10% respectively. While in the 60 storeys building contain
outer bracing system, the maximum displacement due to the ECLF 2012 is greater than that from the Eurocode-8-2004 and
ASCE7-10 by approximately 3% and 2% respectively.
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Figure 4: The maximum displacement of the 15, 30, 45 and 60 storeys buildings in X-direction according to the ECLF
2012, Eurocode-8-2004, and the ASCE07-10 codes
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Figure 5: The maximum displacement of the 15, 30, 45 and 60 storeys buildings in Y -direction according to the ECLF
2012, Eurocode-8-2004, and the ASCEOQ7-10 codes

3.3 The linear analysis of the 30 storeys building after changing the region and the soil type

Linear analysis is applied on the case study after increasing number of storeys of the building to be 30 storeys assuming that the
region was changed from the third region to the forth region and the soil changed from type C to type D using the same three
codes noted before, so that the earthquake loads increased.

3.3.1 Numerical results discussion

The weight of the building, base shear and maximum displacement of the 30 storeys buildings in the 3" region and soil type C
were compared with the 30 storeys buildings built in the 4™ region and soil type D according to the three codes used.
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3.3.1.1 The weight of the 30 storeys buildings located in the 3rd and 4th region according to the three codes
used

The weight of the 30 storeys buildings located in the 3rd and 4th region according to the ECLF 2012, the Eurocode-8-2004, and
the ASCEQ7-10 codes is shown in table 2.

By changing the region of the 30 storeys building from the third region to the forth region, the building contain outriggers and
belts system, The Egyptian code and the Eurocode-8-2004 code gives approximately 5% more weight while the ASCE7-2010
code gives approximately 1% more weight. The buildings contain outer bracing system, The Egyptian code gives approximately
263% more steel bracing weight and the Eurocode-8-2004 code gives approximately 133% more steel bracing weight.

The ECLF 2012 has the maximum weight in all cases after that the Eurocode-8-2004 and finally the ASCE7-10.

3.3.1.2 The maximum base shear results of the 30 storeys buildings located in the 3rd and 4th region according
to the three codes used

The base shear for the all buildings in the X and Y directions studied were shown in figure 6 and figure 7 respectively.

By changing the region of the 30 storeys building from the third region to the forth region and changing the soil from type C to
type D, the base shear increased in the Egyptian code, the Eurocode-8-2004 code and the ASCE7-2010 code by approximately
37%, 21% and 13% respectively the building contain outriggers and belts system, while the base shear increased in the Egyptian
code, the Eurocode-8-2004 code and the ASCE7-2010 code by approximately 34%,35% and 9% respectively the buildings
contain outer bracing system. In the three Codes, the outer bracing system gives the lowest base shear force compared to the
outriggers and belts system.

Table 2: The weight of the 30 storeys buildings located in 3rd region and 4th region according to the ECLF 2012,
Eurocode-8-2004 and ASCEQ7-10 codes

Quantites
Number of Stories 30 Stories (3rd Region) 30 Stories (4th Region)
Structural System | Outriggers System Outer Bracing System Outriggers System Outer Bracing System
R.C Weight R.C Weight Bracing Steel Weight R.C Weight R.C Weight Bracing Steel Weight
Code (ton) (ton) (ton) (ton) {ton) (ton)
ECLF 2012 19765.5 18854.38 818 20765.23 18860.97 296.41
Eurocode8-2004 19386.34 18853.4 41.77 20302.43 18855.89 95.93
ASCE07-10 18610.57 18638.75 18852.8 45.72
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Figure 6: The base shear of the 30 storeys buildings in X-direction located in 3rd region and 4th region according to the
ECLF 2012, Eurocode-8-2004 and ASCEO07-10 codes
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Figure 7: The base shear of the 30 storeys buildings in Y-direction located in 3rd region and 4th region according to the

ECLF 2012, Eurocode-8-2004 and ASCEQ7-10 codes

3.3.1.3 The maximum storey displacement results of the 30 storeys buildings located in the 3rd and 4th region
according to the three codes used

The maximum displacement of the buildings in the X and Y directions were shown in figure 8 and figure 9 respectively.

As the region of the 30 storeys building changed from the third region to the forth region and the soil changed from type C to type
D, the maximum storey displacement decreased in the buildings contain outrigger and belt system and designed according to the
Egyptian code and the Eurocode-8-2004 code by approximately 34% and 4% respectively, while the maximum storey
displacement increased in the buildings contain outer bracing system according to the Egyptian code and the Eurocode-8-2004
code by approximately 2% and 13% respectively. The maximum storey displacement increased in the buildings designed
according to the ASCE7-2010 code by approximately 8%.
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Figure 8: The maximum displacement of the 30 storeys buildings in X-direction located in 3rd region and 4th region
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Figure 9: The maximum displacement of the 30 storeys buildings in X-direction located in 3rd region and 4th region
according to the ECLF 2012, Eurocode-8-2004 and ASCEQ7-10 codes

3.4 The non-linear analysis of case study

Non-linear analysis is applied on the case study after increasing number of storeys of the building to be 30 storeys with
specifications of ECLF 2012, Eurocode-8-2004 and ASCEQ7-10. Non-linear analysis applied using time history method. The
nonlinear structural analysis give results near to the reality so it is used to make sure of the results of the linear structural analysis
which were made in the previous linear analysis.

The time history of Cairo can be observed by using ETABS program which can change the ELCENTRO time history to Cairo
time history using the response spectrum of Cairo city.

3.4.1 Numerical results discussion

The base shear and the inter storey index were discussed and compared for the linear and the nonlinear analysis of the 30 storeys
building according to the Egyptian, European and the American codes.

3.4.1.1 The maximum base shear results of the 30 storeys buildings using linear and nonlinear analysis
according to the three codes used

The base shear is equal in the linear and nonlinear analysis of each code as shown in figures 10 and 11, so the point of comparison
between the buildings will be the maximum storey displacement.
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Figure 10: The base shear results of the 30 storeys buildings in X-direction using linear and nonlinear analysis according
to the ECLF 2012, Eurocode-8-2004 and ASCEQ7-10 codes
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Figure 11: The base shear results of the 30 storeys buildings in X-direction using linear and nonlinear analysis according
to the ECLF 2012, Eurocode-8-2004 and ASCEQ7-10 codes

3.4.1.2 The maximum storey displacement results of the 30 storeys buildings using linear and nonlinear analysis
according to the three codes used

The maximum displacement of the linear models is nearly equal that of the nonlinear models for each code as shown in figures 12
and 13. These means the linear analysis give nearly equal results to the nonlinear analysis, so the linear analysis is efficient and
dependable.
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Figure 12: The maximum storey displacement results of the 30 storeys buildings in X-direction using linear and nonlinear
analysis according to the ECLF 2012, Eurocode-8-2004 and ASCEO07-10 codes
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Figure 13: The maximum storey displacement results of the 30 storeys buildings in Y -direction using linear and nonlinear
analysis according to the ECLF 2012, Eurocode-8-2004 and ASCEO07-10 codes

www.ijasre.net Page 206
DOI: 10.31695/IJASRE.2019.33229



http://www.ijasre.net/
file:///C:/Users/H-P/Downloads/www.ijasre.net
http://doi.org/10.31695/IJASRE.2019.33229

International Journal of Advances in Scientific Research and Engineering (ijasre), Vol 5 (5), May-2019

4. CONCLUSION

The Egyptian code gives base shear and inter storey drift greater than Eurocode-8-2004 code and ASCE7-2010 code.

The ASCE7-2010 code gives the lowest weight of the building results.

The beams in outriggers and belts models have more bending moment and shear force than the beams in the braced
models.

In the 30, 45 and 60 storeys buildings, the weight of the outriggers and belts building is more than that of the braced
building so from the economical view, the braced buildings are better due to their low cost.

The maximum displacement is achieved by the Egyptian code then the Eurocode-8-2004 code and finally by the ASCE7-
2010 code.

By changing the region of the 30 storeys building from the third region to the forth region, and changing the soil type
from soil type C to soil type D, it is concluded that: The base shear increased in the Egyptian code, the Eurocode-8-2004
code and the ASCE7-2010 code by a little amount while the weight of the building increased by large amount.

The nonlinear analysis of the buildings consists of 30 storeys buildings gives near results to the Linear Analysis so the
linear analysis can be dependable.
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