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Abstract

Connecting two adjacent buildings by sky bridges may be required for
architectural or functional reasons. The aim of this paper is to investigate the
effect of connecting two adjacent reinforced concrete buildings by reinforced
concrete sky bridge/bridges in the case when the two buildings were not
originally designed as such. The two regular buildings will become highly
irregular when rigidly connected with sky bridges. The design procedures for
regular buildings according to earthquake codes will no longer be acceptable to
use for the connected buildings. A special treatment during earthquake excitation
according to earthquake codes become necessary. To carry out this, two buildings
of different dynamic properties are individually analysed and designed according
to the ACI codes. Three models of the two buildings with sky bridge connections
are created and investigated under EI-Centro seismic excitation and IBC 2012
response spectrum using SAP2000 software. In one model, 3 sky bridges at the
levels of the 5™, 8™ and 13™ floors are introduced. In a second model, 2 sky
bridges are introduced at the levels of the 5™ and 8™ floors. In the 3™ model, one
sky bridge at the level of the 8™ floor connects the two buildings. The results of
the analysis show that the connecting sky bridges produce dramatic changes in
the structural behaviour of the models. Changes in behaviour include member
forces, periods of vibration, storey drifts, translational and torsional mode shapes.
Recommendations are included for safe addition of links between two buildings
that were not originally designed as such.

Keywords: Connected buildings, Dynamically different, Irregular, Sky-Bridge,
Seismic, Storey drift, Torsional translational mode shape.
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1. Introduction

Sometimes, two adjacent low, medium or high-rise reinforced concrete buildings
are connected horizontally by linking slabs and beams, called sky-bridges, at some
level for architectural appearance or functional purposes. The linking sky bridges
can be of reinforced concrete beams and slabs or of steel beams and plates covered
with concrete overlays. The complex structure of sky bridges and two buildings are
considered an irregular structure according to earthquake codes of practice.
Irregular structures require special design treatment under seismic excitation. There
are many worlds famous "twin- towers", which are connected by sky-bridges. The
Petronas Twin Towers in Kuala Lumpur is an example in which the sky-bridge is
an integral part of the fire evacuation strategy. The structural treatment of the sky
bridge in the Petronas Twin Towers is so designed as to allow the two towers to act
independently by using movement joints at selected locations. In other words, the
sky bridges have no effect on the individual structural behaviour of each tower. The
structural behaviour of each tower is independent of the other one. Some other
designs provide other types of connection, such as sliding bearing or flexible
bearing to prevent the high stresses in the linking sky beams and slabs.

However, if the two towers are connected by sky bridges which are rigidly
connected to them, the twin towers will become a new irregular complex structure.
Its structural behaviour may become quite different from the structural behaviour
of the individual towers.

Many cases of joining two adjacent buildings together at a later stage are
encountered by the author in the Middle East. Some of the connected buildings are
of around 20 stories height, and they could be of different plans and elevations.
Some of the connecting sky bridges can of complex configurations. One such
building may be built several years after another, and the decision to connect them
comes without studying the effect of the connection on the structural behaviour of
the new assembly especially under seismic excitation. The aim of this paper is to
investigate the effect of connecting two regular adjacent buildings having different
dynamic properties by reinforced concrete sky bridges. The two buildings have
different plans and elevations, i.e., different dynamic properties. Both are designed
individually according to the ACI codes. Each building is regular in plan and
elevation. The sky bridges are located at different height locations. All sky bridges
are in the X direction. A total of 5 different models will be investigated. The
individual buildings, sky bridges, and the 5 models are described in the next
paragraphs. Structural seismic analysis is carried out using SAP2000 software. The
same static and dynamic loading values and load combinations are used for all
models in order to produce comparable results.

2. Literature Review

Sayed [1] in his work, "Horizontally connected high-rise buildings under
earthquake loadings" carried out a structural dynamic analysis of the Capital Tower
which is a twin high-rise reinforced concrete building connected horizontally. He
used ETABS and SAP2000 software. The towers comprise a basement, ground,
mezzanine, three podiums and twenty-four floors. The earthquake loads were
applied separately in two directions, namely the linking-bridge direction, and the
orthogonal direction. The earthquake loading considered in his analysis are a set of
8 different earthquake ground-motion records. The framing system of the sky-
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bridge comprises 60-cm square columns connected by 60 cm square beams,
forming a RC N-truss. The lower slab of the sky-bridge is divided into 6 equal
spans with intermediate beams (each of width 60 cm and depth 60 cm) connected
by a 30 cm RC slab. These intermediate beams are repeated in the upper plan of the
N-truss, but without an interconnecting slab. The analysis was conducted with the
sky bridge level varied in 4 different heights. The study showed that when the
linking bridge was placed at the top of the twin buildings, the peak displacements
were lower than in the other heights.

Abbood et al. [2] in their work "Seismic Response Analysis of Linked Twin
Tall Buildings with Structural Coupling”, investigated a 40-storey twin similar
towers under seismic time history analysis using finite element modelling
technique. The response of the assembly was investigated for different locations
and heights of the links. Four cases were considered in their study, the first being a
40-storey single tower and the other three twin towers linked together by a sky-
bridge at different heights. The outcomes of their study showed that the links may
effectively change the structural behaviour of the linked system.

Tse and Song [3] in their work, "Modal properties of twin buildings with
structural coupling at various locations" carried out a FEM analysis of linked tall
buildings with two identical towers. Each tower is a 40-storey, 160 m tall,
reinforced concrete framed-tube structure with a uniform square floor plan of 30 m
by 30 m throughout its height. At the top two floors, there is a two-storey link with
span of 15m and width of 18m. The variation of the modal properties of the linked
towers caused by the links locations was studied.

Bhaskararao and Jangid [4] in their work, "Seismic Response of Adjacent
Buildings Connected with Dampers" carried out a theoretical seismic time history
analysis of two adjacent buildings with 20 and 10 stories, connected with viscous/
friction / viscoelastic dampers at all floors. The purpose was to prevent pounding
of the two buildings. The mass and stiffness of each floor are chosen such so to
yield different dynamic properties of the two buildings, i.e., periods of vibrations.
The authors concluded that the dampers are found to be very effective in reducing
the earthquake responses of the adjacent buildings and to prevent pounding.

Mahmoud et al. [5], in their work, "Seismic response evaluation of connected
super-tall structures” carried out a theoretical three-dimensional dynamic analysis
of the Petronas Twin Towers in Malaysia which are connected by a sky bridge.
They used Etabs software in their seismic analysis and varied the position of the
sky bridge to investigate the effect of the height of the linking bridge on the seismic
behaviour of the twin towers. They concluded that the seismic response of super-
tall structures in either longitudinal or transverse directions is insensitive to the
location of a linking sky bridge under the considered ground excitations. But the
storey drift in the direction perpendicular to the direction of the bridge (y direction)
was sensitive to its location contrary to that in the other direction (x direction).

Sun et al. [6], in their work, "Connecting parameters optimization on
unsymmetrical twin-tower structure linked by sky-bridge" carried out a theoretical
analysis of a twin tower connected by a sky bridge by modelling each tower as a
single degree of freedom system. One tower is considered the primary one with the
larger natural frequency and the other tower is considered the auxiliary tower with
the smaller natural frequency. They sought for linking damper parameters, namely
linking stiffness and damping ratio, to minimize the structure's relative vibration
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energy which is considered the structure response quantity. They concluded that
displacement and base shear responses are both reduced significantly by connecting
the towers by sky-bridge with dampers of optimum parameters. They also
concluded that the higher the elevation position of the sky-bridge, the better the
seismic mitigation effectiveness.

3. Method of Analysis and Twin Buildings Description

As shown in the literature review, all previous work investigated the structural
analysis of twin towers connected by sky bridges which are originally designed as
such. The twin towers were often similar in height [2, 3, 5, 7-9] and other properties.
Numerous studies were carried out to investigate the pounding phenomena between
two adjacent buildings during seismic excitation which is quite different from the
purpose of this paper [4]. Many other studies were carried out to investigate the
effects of connecting two adjacent buildings with various types of dampers, which
is also different from the purpose of this paper [4]. The aim of this paper is to
investigate the effect of the presence of one or more reinforced concrete sky bridges
connecting two different adjacent buildings on the response of the structural
complex under seismic loading. The two buildings of this paper are far enough to
exclude any pounding. The buildings of interest to this paper are not originally
designed connected with sky bridges, but the idea to connect them started after
years of the construction of one of them at least. To do this, the described reinforced
concrete buildings connected with the described sky bridge/ bridges are analysed
under seismic loading. The seismic loading used is the N-S EI Centro ground
acceleration record of 1940 in one case, and the IBC 2012 response spectrum in
another. SAP2000 software is used for the analysis and design of the buildings'
members. The two buildings are chosen such that they are different in height and
number of bays in either direction to have different dynamic properties and periods
of vibration. All buildings considered are 3-dimensional reinforced concrete. The
first building called hereinafter the short tower, and the second one called the long
tower have properties described in Table 1.

Table 1. Properties of the two individual buildings.

Structure
Short Tower Long Tower
Property
No. of floors 13 18
No. of Bays in the x-direction 5 3
No. of Bays in the y-direction 4 4
Beams cross section 0.5x0.3m 0.6x0.3 m
Columns cross section 0.5%0.5m 0.55%0.5 m
Dead loads on beams e kN/_m+ self- 0.5 kN/m + self-weight
weight
Self-weight and 2 .
Dead and Live load on slabs kN?m2 self-weight ar_ld 2 kN/m?
. respectively
respectively
Fixity of columns to found. Pinned Pinned
Concrete 28-day strength 35 MPa 35 MPa

Three different structural models are created by connecting the two towers with
sky bridges in three different cases as follows:
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¢ In case 1, the towers are connected by 3 sky bridges at height locations of the
5t 8" and 13" floors, which is the roof of the short tower.

¢ In case 2, the towers are connected by 2 sky bridges at height locations of the
5%, and 8" floors.

e In case 3, the towers are connected by a sky bridge at height of the 8™ floor.

The number of sky bridges and their height locations are chosen to investigate their
effects on the structural behaviour of the new assemblies. One previous paper [6]
concluded that the higher the elevation position of the sky-bridge, the better the seismic
mitigation effectiveness, while another [5] concluded that the seismic response of
super-tall structures in either longitudinal or transverse directions is insensitive to the
location of a linking sky bridge under the considered ground excitations.

Table 2 shows some properties of the twin towers. Beams and slabs of the sky
bridges in all 3 cases are identical. Dimensions for beams and slabs of the sky
bridges are shown in Table 2 for two cases A and B.

Table 2. Properties of the two twin towers.

Case Twin Towers Twin Towers Twin Towers
with 3 sky with 2 sky with 1 sky

Property bridges bridges bridge
Location of sky 5t 8", and h th th
bridges 13 floors 5™ and 8™ floors 8" floor
Beams and solid 0.5x0.6 m and 0.5x0.6 m and 0.5x0.6 m and
slab of the sky 0.5m 0.5m 0.5m
bridge case A respectively respectively respectively
Beams and solid 0.5%0.3 m and 0.5x0.3 m and 0.5x0.3 m and
slab of the sky 0.3m 0.3m 0.3m
bridge case B respectively respectively respectively

SAP 2000 analysis and design are carried out for the following 5 cases: -

Long tower separately.
Short tower separately.
Long and short towers connected by one sky bridge at the level of the 5 floor.

e Long and short towers connected by two sky bridges at the levels of the 5™ and
8" floors.

Long and short towers connected by three sky bridges at the level of the 5™,
8™, and 13" floors.

The same load combinations are used to analyse all 5 models. Load combination
1includes dead load, live load, and El Centro seismic excitation. Load combination
2 includes dead load, live load, and IBC 2012 response spectrum.

Concrete design for all models is carried out using SAP 2000 software for all
cases of loading. All members of the twin towers for all cases have passed the
concrete design checks as per ACI 318-14 requirements.
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4. Analysis and Discussion of Results
4.1. Mode shapes, periods of vibration, and base shear

A 3-D building tower subjected to seismic excitation will show its response to the
excitation through its mode shapes and deformations in three- dimensions. Due to
the high indeterminacy and designed connectivity between the building’s members,
mode shapes and deformations of the building will be manifested as one “unit”,
such that all members will “move together” in phase. However, when two towers
are connected by one or more sky bridges, their mode shapes and deformations are
not expected to move in phase especially when the two buildings have different
dynamic properties, i.e., different in height, plan, and stiffness, etc. [10]. The two
buildings considered in this investigation are purposely chosen with different
height and different plan configuration [11-15]. Therefore, they have different
dynamic properties, and their individual responses to seismic excitation are
different. Sap2000 modal analysis results of the two towers connected with one,
two or three sky bridges show that some of the “two towers mode shapes” are in
phase. However, some other mode shapes are not in phase. For example, mode
shapes 1, 2, and 3 of the two towers connected with 3 sky bridges seem to move in
phase as shown in Figs. 1, 2, and 3 which are taken from Sap2000 analysis.

] |

|
Y-Z Plane
1st Period of Vibration T=2.184 seconds

]
| |
[ |
[ |
[ ]
[ |

X-Y Plane at Z=39 m (top of short tower)

Fig. 1. Torsional mode shape 1 of the twin towers
connected with 3 sky bridges in the X-Y and Y-Z planes.
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[

X-Y Plane at Z=39 m Ijit( t:ti‘;‘it_—_‘
|

X-Z Plane
2nd Mode of vibration . T=2.011 seconds

Fig. 2. Translational mode shape 2 of the twin towers
connected with 3 sky bridges in the X-Y and X-Z planes.
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X-Y Plane at Z=39 m. X-Z Plane
3rd mode of Vibration T=1.843 Seconds

Fig. 3. Torsional mode shape 3 of the twin towers
connected with 3 sky bridges in the X-Y and X-Z planes.

It is also noted that mode shape 1 of the twin towers shows rotational and
translations deformations. This is unlike mode shape 1 of the individual long and
short towers which is a translational one.

If we examine mode shape 4 of the twin towers connected with 3 sky bridges,
shown in Figs. 4 and 5, it is noted that the two towers move in phase (Fig. 4), but
this mode shape shows rotational deformations (Fig. 5) unlike the individual mode
shape 4 of the single towers.

4th mode shape - Y-Z Planes from x=9 to X=47 m
Note how the towers are moving in phase.

Fig. 4. Mode shape 4 of the twin towers
connected with 3 sky bridges in the Y-Z plane.

4th torsional mode shape, x-y plane

Fig. 5. Torsional mode shape 4 of the twin
towers connected with 3 sky bridges at height Z=15 m.
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Examining mode shape 6 in the X-Y plane and in the X-Z plane as shown in Figs.
6 and 7, it is noted that the presence of the sky bridges introduces significant changes
in the mode shapes as the towers move in phase and out of phase at the top stories as
shown. The same note can be observed in the twin towers with one or two sky bridges.
See Figs. 8 and 9. This out-of-phase movement introduces odd displacements at the
levels of the sky bridges, which in turn introduce very high axial, torsional, shear
forces, and bending moments in the sky bridges and in the beams and columns
directly connected to the sky bridges as will be shown in the following paragraphs.

By closely investigating and comparing mode shapes of twin towers with 3 and
1 sky bridge as shown in Figs. 1, 2, 3, 5 and 7, it can be concluded that connecting
the two towers by several sky bridges at different height locations will make the
twin towers move in phase more than if connected by only one sky bridge.

I (A)Z=54m (b) Z=45 m

T T

I I

(c) Z=39 m

(d) Z=15m

Fig. 6. Mode shape 6 of the X-Y plane of
the twin towers connected with 3 sky bridges.

Note the change in the torsional mode shapes from top (Z=54 m) down.
o At the top story of the long tower, Fig. 6(b) At 45 m height in the long tower.
o At the highest sky bridge, Fig. 6(d) at the lowest sky bridge.

Note the abrupt change in the displacements above the highest sky bridge.
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Fig. 7. Mode shape 6 of the X-Z plane of the twin towers
connected with 3 sky bridges. (a) At Y=12 m, (b) at Y=6 m, (c) at Y=-12 m.
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Fig. 8. The 11th mode shape of twin towers with two sky bridges.

3% Deformed Shape (MODAL) - Mode 11; T = 0.5001; f = 1.98958
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Fig. 9. The 11th mode shape of twin towers with one
sky-bridge. Note the evident effect of the sky bridge in the X-Z plane.

On the other hand, examining Table 3, it is noted that periods of vibration of the
twin towers decrease slightly as the number of sky bridges increases. This is expected
as the extra sky bridges introduces more stiffness to the structure and hence a
reduction in the period of vibration. Base shear of the twin towers shows an increase
in value as the number of sky bridges increases as can be noted in Table 4.

Table 3. Length of period of vibration of the five structures in seconds.
Structure

Twin Twin Twin

Single Single Towers Towers Towers

Long Short with 1 with 2 with 3

. . Tower Tower Sky Sky Sky

I\D/étr)iroa;'o Bridge Bridge Bridge
First 2.260638  1.844482  2.193853  2.191686  2.184382
Second 2.24755 1.824137  2.047387  2.040191  2.010764
Third 2.013295 1.715697  1.845835  1.845143 1.84348
Fourth 0.749702  0.603437  1.121819  1.104157  0.747426
Fifth 0.745021  0.596277  0.992501 0.99269 0.735086
Sixth 0.663772  0.558586  0.834931  0.828711  0.657167
Seventh 0.427313  0.342912  0.638199  0.626207  0.558435
Eighth 0.418303  0.340213  0.601363  0.597963  0.469873
Ninth 0.387129  0.320746  0.598305  0.591362 0.43698
Tenth 0.297294  0.234763  0.545974  0.428922  0.421828

Journal of Engineering Science and Technology

June 2021, Vol. 16(3)



2620 J. A. Alomari

Table 4. Base Shear in kN resulting from analysis of the 5 structures.

Base Shear in kN under load combination 2

Structure (Dead Load+ Live Load + Response Spectrum)
Single Long Tower 1415.983

Single Short Tower 1934.138

Twin Towers with one Sky Bridge 3108.289

TWIn Towers with Two Sky 3154.356

Bridges

TV\{ln Towers with Three Sky 3303.108

Bridges

4.2. Maximum storey drift

The maximum storey drifts in the towers show significant changes according to the
number of sky bridges and according to their height locations. Under load
combination 2 (Dead + Live + Response Spectrum), there is one sudden increase
in the drift at one location height in each tower. This sudden increase in the drift
magnitude changes location according to the number of sky bridges and their
locations. See Figs. 10 to 12, and Table 5 for details.

Table 5. Maximum storey drift and its location for the 5
structures as taken from the analysis under load combination 2.

Structure Maximum Drift in mm

Single Long Tower 65.9 mm at mid-height of the tower.

Single Short Tower 67.6 mm at the top storey.

Twin Towers with one 66.4 mm in the long tower (11™" storey) above the sky
Sky Bridge bridge and 50.7 mm in the short tower below the sky

bridge, see Fig. 10.
Twin Towers with Two  66.3 mm in the long tower (11% storey) above the higher
Sky Bridge sky bridge and 35.8 mm in the short tower (4™ storey)
below the lower sky bridge see Fig. 11.

Twin Towers with 82 mm at the top storey of the long tower and 37.5 mm in
Three Sky Bridge the short tower (4™ storey) below the lowest sky bridge
see Fig. 12.

| i7%; Deformed Shape (COMB 2)

Ul=0.0346

j

\N

P

N

U1=0.0318 7 Ul=0-0263

Drift =66.4 mm

U1=0.0243

[ [ [ I Drift=50.7 mm

Deformed shape under load comb. 2, X-Z plane

i

Fig. 10. Deformed shape of the twin towers with one sky-bridge under
load combination 2. Note the abrupt change in the horizontal displacements.
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[/ Deformed Shape (COME 2)

U1=0.0345m | L ,
Ul=-0.0318m— :
Drift=66.3mm |
1! 1 |
(U [ 1| U1=-0.0192m
| [l | L
| 1 \' \I' !_\" \i Xl.— U1=0.0166 m
1 1 [T Drifti=35.8mm

s

Fig. 11. Deformed shape of the twin towers with two sky-bridges under
load combination 2. Note the abrupt change in the horizontal displacements.

U1=0.0416m
Drift=82mm
Ul=-0.0404m
% Deformed Shape (COMB2) |
! | Ul=-0.0201m
| - L |1
. NN AN U1=0.0174m
L g J 1 1 Drft=37.5mm
R (1 7 1 /1

Fig. 12. Deformed shape of the twin towers with 3 sky-bridges
under load combination 2, in the X-Z plane at Y=0 m.
Note the abrupt change in the horizontal displacements.

4.3. Member forces

It is observed that under load combinations 1 and 2, the shear, torsional, and axial
forces, and bending moments in the sky bridge beams and, in the columns, and
beams directly connected to the sky bridges experience in general high forces
compared to other members in the towers. For example, in the structure with 3 sky
bridges, under load combination 1 (dead+ live + El Centro earthquake record) the
bending moment in column 269-270 is 93.2 kN.m as compared to 35.4, 51.6, and
60.6 kN.m for other columns in the same floor in the same plane. The same column
has a sheer force of 51.7 kN as compared to 25.3, 31.2, and 38.1 kN for other
columns in the same floor in the same plane; see Figs. 13 and 14. The column in
the top short tower between joint 423 and 424 shows a moment of 67.4 kN.m when
it is part of the twin towers and connected to the sky beam, but it shows a reversed
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moment of 63.7 kN.m when it is in the single short tower under the same load
combination 1.

:

Fig. 13. Shear force in the beams and
columns under load combination 1, X-Z plane.

Fliny

Fig. 14. Bending moment diagram in the
beams and columns under load combination 1, X-Z plane.

Similarly, the torsional force in the same beam number 988 attracts large

torsional force. The same note can be observed in the beams closest to the sky
beams. See Fig. 15.
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Torsional forces under load combination 1
Note the large torsiona force in the sky
beams

Fig. 15. Torsional Force in the beams and
columns under load combination 1 in the X-Z plane.

Additionally, under response spectrum analysis, the axial force in the columns,
connected to the sky beams show large magnitude compared to other columns, or
compared to the forces that would exit if the sky bridges were not there. See Fig. 16.

axial force=93.7 kN

axial foree =82.7 kN

Fig. 16. Axial force diag. resulting from
response spectrum analysis in the X-Z plane.

Similarly, in the structure with 2 sky-bridges, under El Centro earthquake
excitation, the sky beams show higher bending moments and shear forces
throughout the time history of the excitation (from 0.0 to 20.0 seconds duration).
Moreover, the presence of the sky-bridges produces changes to the force response

in the towers' members adjacent or at the same level as the sky bridges. See Figs.
17 and 18.
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Table 6 shows bending moment and shear force values of the same beam and
same column in four different cases under load combination 1. Other beams and
columns show typical behaviour.

Based on values in Table 6, we can note the following observations:

¢ For the beam directly connected to the sky bridge in the case of twin tower
with 3 sky bridges, the moment values increased by around 68%, ([50.5 -30] /
30.0 = 68%) while it decreased by small margins for the cases of two and one
sky bridge.

e However, the column moment that is directly connected to the sky bridge, in
the case of 3 sky bridges, shows a reversal of moment (60.62 to -65.16 kN.m)
and reversal of shear force direction (-35.7 to 23.19 kN). This is an example
of reversal of moments which may be of detrimental consequences to the
structure safety if not considered in the design process.

Table 6. Bending moment and shear force values in the beam
and column indicated in different cases of structures for load combination 1.

Twin Twin Tower Twin
Internal Short Tower with . Tower with
Member with 2 sky
Force Tower 3 sky bridaes 1 sky
bridges g bridge
Beam between  Moment -30.0 kN.m  -50.5 kN.m -24.56 KN.m  -26.36 KN.m
joint 424-499 Shear -16.1 kN -19.4 kN -14.3 kN -14.94 kN
Column Moment 60.62 kN.m -65.16 kKN.m  49.36 kN.m 53.31 kN.m
between joints  Shear -35.7 kN 23.19 kN -28.84 kN -31.2 kN
423-424

Table 7 - Bending moment and shear force values in the
columns indicated in different cases of structures for load combination 2.

Twin Twin Twin
Member Internal Long _Tower _Tower _Tower
Force Tower with3sky  with 2sky  with 1 sky
bridges bridges bridge
Column Axial -1036 kN -944.9 kN -998.0kN  -1017.9 kN
between Shear 63.8 kN 122.9 kN 66.8 kN 66.3 kN
joint 269-270 Moment ~ 93.3kN.n  230.0kN.m 96.6 kN.m  95.1 kN.m
Column Axial -1951 kN -2003.7 kN -1825.6 kN  -1858.4 kN
between joints Shear 69.0 kN 98.0 kN 131.7 kN 132.5 kN
264-265 Moment  102.0kN.m  179.6 kN 2453 kN 247.0 kN.m
Column Axial -2464 kN -2703.0kN  -2537.6 KN  -2582 kN
between Shear 68.3 kN 101.0 kN 131.7 kN 65.7 kN

joint 261-262 Moment 101.1kN  181.6 kN.m 2453 kN.m 96.0 kN.m

On the other hand, considering values of forces in Table 7 resulting from load
combination 2, we can note the following observations:
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e Shear force in column 269-270 shows an increase in value by 93% ([122.9-
63.8]/63.8 = 93%) when it is part of the twin tower than when it is in the single
long tower. Bending moment also shows an increase in value by 147% ([230.0-
93.3]/93.3 =147%) when it is part of the twin tower than when it is in the single
long tower

e Other columns away from the sky bridge do not show significant changes in
the values of shear and moment. Compare values of shear of 63.8 to 66.8 and
66.3 kN, and values of moment 93.3 to 96.6 and 95.1 kN.m.

¢ Using load combination 2, bending moment in columns do not show reversal
of sense unlike the case of load combination 1 because load combination 2,
utilizing response spectrum loading, is in fact a static analysis unlike
combination 1 which is dynamic (time history) analysis.

Based on these observations, it can be concluded that the presence of sky
bridges introduces significant changes in the internal forces in the beams and
columns of the buildings, and sometimes a reversal of the moments [1-3, 5, 6]. This
can be attributed to the relative movement of the two buildings with respect to each
other during seismic excitation when the buildings move out of phase in the
translational mode shapes, or when they are in torsional mode shapes. See Fig. 9
for an out-of-phase translational movement, and Fig. 7 for an out-of-phase
rotational movement. Therefore, the design of any member in the towers requires
close investigation when sky bridges are added after completing the construction
of the towers.

Sky beam has a higher moment than other beams
under earthquake loading throught the time
history of the earthquake.
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Fig. 17. Bending moment in the beams and columns resulting from analysis
under El Centro earthquake seismic record of ground motion in the X-Z plane.
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Sky beam has high shear forces and moments under
earthquake loading than other beams throughout the
time history

! K Shear Force 2-2 Diagram (EQ) - Step 11; Time 0.55 ]I

Fig. 18. Shear force in the beams and columns resulting from analysis
under El Centro earthquake seismic record of ground motion in the X-Z plane.

5. Conclusions

The following conclusions apply to twin buildings that are rigidly connected by sky
bridges. They do not apply if movement joints, sliding bearing or flexible bearing
are used in the sky bridges.

e Adding sky bridges to rigidly connect two adjacent buildings that have already
been constructed without originally designing the two buildings for such
connection renders the new structure irregular and may prove to be unsafe
during seismic excitation due to the larger forces or reversal of forces that may
result in the columns and beams of the two buildings.

e Connecting two adjacent buildings by sky bridges may produce significant
changes to their individual modal shapes and such changes may include
torsional effects in the originally translational mode shapes of the individual
buildings. Mode shapes in the direction of the sky bridges may be completely
different from those in the perpendicular direction.

¢ Significant increase and reversal in the internal forces of the beams and
columns of the two buildings that are connected directly to the sky bridges are
noticed. These forces may be much higher than the forces in beams and
columns that were designed for in the individual buildings.

e Beams and slabs of the sky bridges may attract very large internal forces
especially when the two buildings move in opposite directions during seismic
excitation, i.e., out-of-phase mode shape.

o Storey drifts of the twin towers connected by sky bridges may be larger than
the storey drifts of the individual towers. The height location of the maximum
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drift in a separate tower will not usually be the same as that if the tower is
connected to another one, and this depends on the location of the sky
bridge/bridges.

The length of the first period of vibration of a twin tower connected by sky
bridge/bridges is expected to have a value longer than that of the stiffer
building and shorter than that of the more flexible one.

The investigated twin buildings show slight decrease in the fundamental period
of vibration, and slight increase in the value of base shear as the number of sky
bridges increases from 1 to 2 to 3.

If a need arises as to connect two buildings with a sky bridge after the
construction of the two buildings, it is recommended to allow the two towers
to act independently by using movement joints for the sky bridges at selected
locations. This technique of structural treatment is used successfully in the
Petronas Twin Towers in Kuala Lumpur.

The more sky bridges connect the towers, the more likely the towers move in
phase, resulting in better performance during seismic excitation.

Further research is recommended to be conducted on this issue to investigate
other criteria affecting the behaviour of connected towers. Suggested topics
include: 1) connecting similar towers, 2) connecting towers by sky bridges
which are as wide as the connected floors, 3) considering soil-structure
interaction in the analysis.
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